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Abstract 
The primary goals of this research were to quantify the effects of turbulence on the 
measurements of five-hole pressure probes (5HP) and to develop a model capable of predicting 
the response of a 5HP to turbulence. The five-hole pressure probe is a commonly used device in 
experimental fluid dynamics and aerodynamics. By measuring the pressure at the five pressure 
ports located on the tip of the probe it is possible to determine the total pressure, static pressure 
and the three components of velocity at a point in the flow. Previous research has demonstrated 
that the measurements of simple pressure probes such as Pitot probes are significantly influenced 
by the presence of turbulence. Turbulent velocity fluctuations contaminate the measurement of 
pressure due to the nonlinear relationship between pressure and velocity as well as the angular 
response characteristics of the probe. Despite our understanding of the effects of turbulence on 
Pitot and static pressure probes, relatively little is known about the influence of turbulence on 
five-hole probes. This study attempts to fill this gap in our knowledge by using advanced 
experimental techniques to quantify these turbulence-induced errors and by developing a novel 
method of predicting the response of a five-hole probe to turbulence. 
 A few studies have attempted to quantify turbulence-induced errors in five-hole probe 
measurements but they were limited by their inability to accurately measure the total and static 
pressure in the turbulent flow. The current research utilizes a fast-response five-hole probe 
(FR5HP) in order to accurately quantify the effects of turbulence on different standard five-hole 
probes (Std5HP). The FR5HP is capable of measuring the instantaneous flowfield and unlike the 
Std5HP the FR5HP measurements are not contaminated by the turbulent velocity fluctuations. 
Measurements with the FR5HP and two different Std5HPs were acquired in the highly turbulent 
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wakes of 2D and 3D cylinders in order to quantify the turbulence-induced errors in Std5HP 
measurements. 
 The primary contribution of this work is the development and validation of a simulation 
method to predict the measurements of a Std5HP in an arbitrary turbulent flow. This simulation 
utilizes a statistical approach to estimating the pressure at each port on the tip of the probe. The 
angular response of the probe is modeled using experimental calibration data for each five-hole 
probe. The simulation method is validated against the experimental measurements of the 
Std5HPs, and then used to study the how the characteristics of the turbulent flowfield influence 
the measurements of the Std5HPs. It is shown that total pressure measured by a Std5HP is 
increased by axial velocity fluctuations but decreased by the transverse fluctuations. The static 
pressure was shown to be very sensitive to the transverse fluctuations while the axial fluctuations 
had a negligible effect. As with Pitot probes, the turbulence-induced errors in the Std5HPs 
measurements were dependent on both the properties of the turbulent flow and the geometry of 
the probe tip. It is then demonstrated that this simulation method can be used to correct the 
measurements of a Std5HP in a turbulent flow if the characteristics of the turbulence are known.  
 Finally, it is demonstrated that turbulence-induced errors in Std5HP measurements can 
have a substantial effect on the determination of the profile and vortex-induced drag from 
measurements in the wake of a 3D body. The results showed that while the calculation of both 
drag components was influenced by turbulence-induced errors the largest effect was on the 
determination of vortex-induced drag.  
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Chapter 1  
Introduction 
1.1 Motivation 
The ability to accurately measure the properties of a complex three-dimensional flowfield 
is important in modern fluid dynamics and aerodynamics. Such measurements contribute to our 
fundamental understanding of fluid dynamics and they can be used to better understand and 
improve the performance of fluidic systems. Additionally, accurate three-dimensional flowfield 
measurements are critical to validating and improving modern CFD tools. There are numerous 
experimental techniques that can be used for studying a 3D flowfield with the most common 
being hotwires, optical techniques such as LDV or PIV and multi-hole pressure probes. Hotwires 
and LDV can be used to measure the mean and fluctuating velocity at a point, and PIV can 
measure the mean and fluctuating velocity over a 2D plane. Of the many possible techniques 
multi-hole pressure probes, in-particular five- and seven-hole probes, are unique due to their 
ability to measure all three components of the velocity vector as well as the total and static 
pressure. The operation of a multi-hole probe is relatively straightforward. The tip of the pressure 
probe contains several individual pressure ports (5 and 7 are the most common), see Fig. 1.1. 
Prior to using the probe in an unknown flow it must be calibrated by setting the probe at a series 
of known angles in a uniform flow. These measurements are used to create a relationship 
between the measured pressures and the unknown flow variables. A five- or seven-hole probe 
can then be used to measure the total pressure, static pressure and the 3D velocity vector 
simultaneously. 
Hotwires, LDV and PIV can all be modified to simultaneously measure the three 
components of velocity but this requires significant increases in both the complexity and cost of 
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the experiment, and these techniques cannot measure the pressure. Other advantages of the 
multi-hole pressure probe include ease of use, relatively inexpensive and more robust. 
Weaknesses of the multi-hole probe include the capability to only measure time-averaged 
quantities, it is a point measurement and typically lower spatial resolution compared to the other 
techniques mentioned above.  
Multi-hole pressure probes, in-particular five- and seven-hole probes, have been used for 
a wide range of applications in fluid dynamics and aerodynamics.  They are commonly used to 
study vortical flows such as wingtip vortices
1,2
 and delta wing leading-edge vortices.
3
 These 
probes are also used to study the flow in turbomachinery.
4,5
 Turbomachinery flowfields are 
generally highly-3D and measurements of total pressure are critical to estimating the efficiency 
of the system. Another common application of multi-hole probes is wake surveys of three-
dimensional bodies. Measurements of pressure and velocity in the wake can be used in a control 
volume analysis to determine the total lift and drag on the body, the drag can be decomposed into 
profile and induced drag components and the spanwise distributions of lift and drag can be 
determined. This is a very useful application of multi-hole probes because the spanwise loads 
and drag decomposition cannot be easily accomplished using other experimental methods. 
Several recent demonstrations of this application include experimentally assessing the accuracy 
of spanwise load optimization on a wing through the use of inviscid design techniques,
6
 studying 
the aerodynamics of a blended-wing body configuration
7
 and investigating the effects of leading-
edge ice on a swept wing.
8
 
As with all experimental techniques there are factors that cause errors in the 
measurements of multi-hole probes. Two of the most commonly studied sources of error in 
multi-hole pressure probes include Reynolds number effects
9,10
 and the influence of velocity and 
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pressure gradients.
11,12
 These effects are generally well understood and there are methods for 
correcting these errors. One potential source of error that has not received sufficient attention is 
error due to turbulence. There has been extensive research done on the effects of turbulence on 
the measurements of Pitot probes and static pressure probes. Goldstein
13
 was one of the first to 
point out that a Pitot probe in a turbulent flow will capture at least some part of the turbulent 
kinetic energy thus contaminating the measurement. A conventional total pressure probe contains 
a small hole or pressure port, facing into the flow, which is connected to a pressure transducer by 
a long length of plastic tubing. This plastic tubing acts to damp out the pressure fluctuations at 
the pressure port so that the transducer senses a relatively constant pressure. Despite the low-
frequency response, a pressure probe in a turbulent flow will generally not measure the correct 
mean pressure because of the nonlinear relation between pressure and velocity and the angular 
response of the probe. As an example of the potential magnitude of the turbulence-induced error, 
Lu and Bragg
14
 showed that a Pitot probe with a chamfered tip geometry overpredicted the total 
pressure in the wake of a cylinder by 18% of the freestream dynamic pressure when located 6 
diameters downstream from the cylinder. Becker and Brown
15
 developed an analytic model for 
the effects of turbulence on the measurement of Pitot probes and showed that the error is a 
function of the probe tip geometry and the RMS of the fluctuations in velocity. It is important to 
note that in general, axial and transverse velocity fluctuations both contribute to the Pitot probe’s 
response but they do not necessarily have the same affect even if the turbulence is isotropic. As a 
result, any model of the turbulence effects must consider the axial and transverse fluctuations 
rather than simply the overall turbulence intensity. In addition to Pitot probes, research has also 
shown static pressure probes are significantly influenced by turbulence. The theoretical analysis 
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of Cho and Becker
16
 demonstrated that the error in static pressure is a function of cross-stream 
turbulence intensity, probe geometry and turbulent length scales. 
Despite our understanding of the effects of turbulence on Pitot and static pressure probes 
and the widespread use of multi-hole probes there is relatively little research on the influence of 
turbulence on the measurements of multi-hole probes. There are a few studies that have provided 
evidence of the potential effects of turbulence on multi-hole probes. Christiansen and 
Bradshaw
17
 showed that in a turbulent jet a three-hole probe measured a dynamic pressure 
coefficient that was approximately 25% higher than the same probe in a non-turbulent flow of 
the same velocity. They also demonstrated significant differences in the angular response of the 
probe when in a turbulent flow. Takahashi
18
 compared measurements of streamwise velocity 
made by a seven-hole probe and a hot film in the wake of a circular cylinder. Outside of the 
wake where the turbulence intensity was nearly zero the two probes were in agreement. Within 
the wake, where the RMS of the streamwise velocity fluctuation reached nearly 25% of the 
freestream, the seven-hole probe over predicted the velocity by approximately 6%. In the burst 
wake of a multi-element airfoil, which contains high levels of turbulence, Pomeroy
19
 compared 
the velocity measured by a seven-hole probe to that measured by a split-film anemometer. 
Throughout the wake the seven-hole probe measured a lower velocity with a maximum relative 
difference of approximately 18%. The maximum turbulence intensity of this flow was 
approximately 12% of the freestream but no information was provided regarding the difference 
between the streamwise and transverse fluctuations. It is important to note that in the wake of a 
cylinder Takahashi
18
 found that the velocity measured by the seven-hole probe was too high 
while in the burst wake of a multi-element airfoil Pomeroy
19
 found that a different seven-hole 
probe measured a velocity that was too low. In addition, the magnitudes of the relative errors in 
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the two flowfields were significantly different, 6% in the cylinder wake and 18% in the multi-
element airfoil wake. Since these two flowfields likely possess different distributions of axial and 
transverse fluctuations this suggests that, like the Pitot probe, the multi-hole probe will respond 
to axial and transverse fluctuations differently.  
The literature contains a few studies that focused on investigating the influence of 
turbulence on multi-hole probes. Dominy and Hodson
20
 and Crowley et al.
21
 both demonstrated 
that the calibration coefficients of a five-hole probe were influenced by the turbulence intensity. 
In both studies the authors used flow visualization to show that increased turbulence intensity 
influenced the separated flow over the probe tip at large angles relative to the velocity. Note that 
while turbulence can alter the flow over the probe tip this effect is different from the influence of 
the velocity fluctuations on the averaged pressure sensed by each port on the probe.  
In a more in-depth study, Scribner
22
 developed a calibration rig for a seven-hole probe in 
a turbulent flow. By using a variety of different turbulence generating grids the turbulence 
intensity could be set at 11 different discrete values ranging from 0.5% to 12.5% of the 
freestream velocity. Scribner showed that it was possible to account for the effects of turbulence 
on a seven-hole probe by calibrating the probe over a range of turbulence intensities and then 
interpolating between the calibration datasets when measuring an unknown turbulent flow. 
Unfortunately, there were several problems with this method. First, Scribner was not able to 
measure the true total and static pressure in the turbulent flows so it was not possible to 
determine the exact errors in these measurements. Second, only the turbulence intensity was 
considered as opposed to using the axial and transverse fluctuations separately. In general a Pitot 
probe used to measure two different flows with identical turbulence intensities but different 
distributions of the axial and transverse fluctuations will provide two different measurements. 
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Finally, this method of accounting for turbulence effects is impractical because it requires the 
capability to acquire calibration data for a wide range of turbulence quantities.  
Pisterman
23
 investigated the effects of turbulence on a seven-hole probe by comparing the 
probe measurements to a quad-hotwire and LDV in the wake of a large 3D bump on the wind 
tunnel floor. The error in the seven-hole probe velocity measurements relative to the hotwire or 
LDV measurements ranged from -10% to 6% throughout the wake. The errors in the pitch and 
yaw angles were in the range ±4°. It was not possible to determine the errors in the total or static 
pressure. Pisterman
23
 attempted to model the effects of turbulence by first modelling the 
response of each of the seven individual pressure ports to turbulence. These model equations 
were then substituted into the definition of the various calibration coefficients for the seven-hole 
probe. The model contained terms representing the response of each pressure port to flow 
angularity which could be obtained from the calibration data, and terms representing the 
influence of the axial fluctuations and the transverse fluctuations. The coefficients for the 
turbulence terms were determined using a regression analysis of the experimental data. 
Unfortunately, Pisterman’s23 model proved unsuccessful. The reason for this lack of success is 
not entirely clear but there are a few possibilities. First, there appeared to be significant 
differences between the hotwire and LDV data which were acquired at different time than the 
seven-hole probe data. It is possible that some of the difference in the measurements was due to 
experimental error. Second, the model implicitly assumes that each of the pressure ports 
responds to the velocity fluctuations in the same way which is unlikely to be true. For example, 
the central port will respond differently to axial fluctuations than the outer ports but the model 
did not allow for that. 
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Summarizing the above discussion, multi-hole probes are valuable experimental tools 
that are used for a wide range of important applications, but we currently have a poor 
understanding of how these measurements are influenced by the presence of turbulence. The 
literature provides evidence that turbulence has the potential to induce significant errors and this 
could have important consequences for the many applications of multi-hole probes. For example, 
errors in the measurement of total pressure throughout a gas turbine stage may result in incorrect 
estimation of aerodynamic losses. Calculations of lift and drag from a 3D wake survey using a 
multi-hole probe may also be corrupted due to turbulence. Lu and Bragg
14
 demonstrated a 
significant influence of turbulence on the calculation of drag of a 2D bluff body from wake 
measurements.  
 
1.2 Research Goals 
The research presented in this dissertation is focused primarily on studying the influence 
of turbulence on the measurements of five-hole probes. The goals of this research are to 
experimentally quantify turbulence-induced errors in the measurements of five-hole probes, 
develop a model to predict the effects of turbulence on five-hole probes and utilize these results 
to develop a procedure to correct the measurements of five-hole probes in turbulent flows. In 
addition, the effects of the turbulence-induced errors on the drag calculated from wake survey 
measurements will be investigated. 
As discussed in the previous section, a 5HP can be used to measure the total pressure, 
static pressure and the 3D velocity vector. A common shortcoming of the few studies that have 
investigated the effects of turbulence on multi-hole probes was that only the error in velocity was 
correctly quantified. The reason for this is that accurately measuring the total and static pressure 
in a 3D turbulent flow is challenging. As will be discussed in Section 4.2 applying the multi-hole 
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probe calibration to the measured port pressures provides total pressure, static pressure and the 
pitch and yaw angles of the flow. The velocity is then derived from the total and static pressure. 
It is therefore necessary to investigate how the turbulence affects the measurements of total 
pressure, static pressure and the flow angles. This will be accomplished by acquiring 
measurements in a turbulent flowfield using a fast-response five-hole probe (FR5HP). A FR5HP 
is capable of measuring the instantaneous total and static pressure in a flow without the 
measurements being contaminated by turbulent fluctuations. In addition the FR5HP can be used 
to measure the instantaneous 3D velocity vector which can be used to calculate various turbulent 
statistics. The FR5HP measurements will also be validated by PIV measurements. By comparing 
measurements of a FR5HP and a standard 5HP (Std5HP) it will be possible to quantify the errors 
in the various quantities measured by the Std5HP.  
The primary contribution of this work will be the development of a method to predict the 
response of a five-hole probe to a turbulent flowfield. This model will be validated by 
experimental measurements and used to study the details of how turbulence influences five-hole 
probe measurements. This model will then be used to develop a procedure for correcting the 
measurements of Std5HPs in turbulent flows. To the author’s knowledge this has not been done 
in the literature. 
An important application of multi-hole probes is the determination of drag from wake 
surveys. For 2D bodies, these measurements can be used to determine the profile drag while for 
3D bodies it is possible to decompose drag into profile and induced drag components, and 
determine how the drag is distributed along the span of the body. The turbulence-induced errors 
in the measurements of pressure probes will result in errors in the drag calculated from wake 
measurements.
 24
 The effects of turbulence on the wake survey equations for 2D and 3D bodies 
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will be investigated. For 3D bodies the effects of turbulence on both the profile and induced drag 
components will be considered. The results will demonstrate the importance of accounting for 
the effects of turbulence when analyzing 5HP wake survey data. 
The remainder of this dissertation is organized in the following way. Chapter 2 outlines 
the theory of the effects of turbulence on Pitot probes and static pressure probes while also 
reviewing the relevant literature. Chapter 3 will review the literature and present the theory to 
obtain drag from 2D and 3D wake surveys. Chapter 4 will discuss the various experimental 
setups and data processing steps used in this research. Chapter 5 will introduce a novel method 
of simulating the effects of five-hole probes in an arbitrary turbulent flow. Chapter 6 will 
experimentally quantify turbulence-induced errors in the measurements of five-hole probes in 
turbulent flows and experimentally validate the five-hole probe model introduced in Chapter 5. 
This simulation method will be used to conduct a detailed study of the effects of turbulence on 
five-hole probes and it will be used to develop and validate a procedure to correct five-hole 
probe measurements. The dissertation will conclude with a demonstration of the effects of 
turbulence-induced errors on the calculation of drag from wake measurements.  
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1.3 Figure 
 
Fig. 1.1 Picture of a five-hole pressure probe and schematic of pressure ports. 
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Chapter 2 
Effects of Turbulence on Pressure Probes 
This section reviews the effects of turbulence on measurements made by Pitot probes and 
static pressure probes. This includes a review of the literature as well as a discussion of the 
theory of turbulence effects on pressure probes. 
Throughout this dissertation the following definitions will be used. An instantaneous 
quantity can be expressed as the sum of the time-averaged quantity and the instantaneous 
fluctuation, for example:  
 
𝑈(𝑡) =  ?̅? + 𝑢′(𝑡) Eq. 2.1 
Where the overbar represents a time averaged quantity and the prime represents a fluctuating 
quantity. The time-averaged value of a fluctuating quantity is zero. Figure 2.1 shows the 
coordinate system and definitions of the velocity components and the flow angles to be used 
throughout this dissertation. The angles (𝛼, 𝛽) define the pitch-yaw angular system and (𝜃, 𝜙) 
define the cone-roll system. The instantaneous total velocity 𝑉𝑡 magnitude is defined as:  
 
𝑉𝑡
2 =  𝑈2 + 𝑉2 + 𝑊2 Eq. 2.2 
In some instances it will be convenient to take advantage of the axisymmetric geometry of the 
pressure probe in which case the transverse velocity components, 𝑉 and 𝑊, can be grouped into 
a single variable 𝑉𝑛 referred to as the transverse velocity. 
 
𝑉𝑛
2 =  𝑉2 + 𝑊2 Eq. 2.3 
The true time-averaged total pressure 𝑃𝑡,𝑐̅̅ ̅̅  is defined in terms of the true mean static pressure 𝑃?̅? 
and the true mean velocity components ?̅?, ?̅? and ?̅?. 
 
𝑃𝑡,𝑐̅̅ ̅̅ =  𝑃?̅? + 
1
2
𝜌(?̅?2 + ?̅?2 + ?̅?2) Eq. 2.4 
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The instantaneous pressure at a pressure port on an arbitrary pressure probe depends on the 
instantaneous velocity 𝑉𝑡, static pressure 𝑃𝑠 and flow angles 𝛼 and 𝛽. The instantaneous pressure 
at the port is described by Eq. 2.5. 
 
𝑃𝑝𝑜𝑟𝑡(𝑡) =  𝑃𝑠(𝑡) + 
1
2
𝜌 𝑉𝑡
2(𝑡) 𝑓𝑝𝑜𝑟𝑡(𝛼(𝑡), 𝛽(𝑡)) Eq. 2.5 
The function 𝑓𝑝𝑜𝑟𝑡 represents the angular response of the particular pressure port. This equation 
will be important in the development of a method to predict turbulence-induced errors in five-
hole probe measurements introduced in Chapter 5.  
 
2.1 Pitot Probes 
Pitot probes are commonly used in experimental fluid mechanics to measure total 
pressure in a variety of flows such as boundary layers and wakes. A general Pitot probe consists 
of a tube with a small pressure port located on the upstream face of the probe, see Fig. 2.2. This 
pressure port is typically connected to a pressure transducer by a long line of plastic tubing. Pitot 
probes are commonly used in unsteady turbulent flows where the pressure at the tip of the probe 
is a random function of time. The long length of plastic tubing generally damps out these 
fluctuations so that the transducer only senses an average pressure. Despite this low frequency 
response the pressure sensed by the transducer will be influenced by the turbulent velocity 
fluctuations. This fact was first realized by Goldstein
13
 who performed an analysis of an ideal 
total pressure probe defined as a Pitot probe that is insensitive to the flow angle. Goldstein 
argued that the total pressure measured by an ideal probe is the sum of the local static pressure, 
the local mean dynamic pressure and the local turbulent dynamic pressure, see Eq. 2.6. 
 
𝑃𝑡,𝑚̅̅ ̅̅ ̅ = 𝑃?̅? + ?̅? + 𝑞′̅ Eq. 2.6 
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Where 𝑃𝑡,𝑚̅̅ ̅̅ ̅ is the total pressure measured by the Pitot probe. In a general 3D flow the local mean 
dynamic pressure ?̅? is defined as: 
 
?̅? =  
1
2
𝜌(?̅?2 + ?̅?2 + ?̅?2) Eq. 2.7 
The turbulent dynamic pressure 𝑞′̅ is defined as:  
 
𝑞′̅ =  
1
2
𝜌(𝑢′2̅̅ ̅̅ + 𝑣′2̅̅ ̅̅ + 𝑤′2̅̅ ̅̅ ̅) Eq. 2.8 
The reason for the ideal Pitot probe’s response, in Eq. 2.6, is the nonlinear relationship between 
the pressure and the velocity. This can be demonstrated with a simple example. Consider a Pitot 
probe that a given instant in time is in a flow with velocity 𝑉𝑡, flow angles (𝛼, 𝛽) and static 
pressure 𝑃𝑠. The instantaneous pressure sensed by the probe is given by Eq. 2.5. For an ideal 
Pitot probe, which is insensitive to the flow angle, the angular response function 𝑓 in Eq. 2.5 is a 
constant equal to one. Now write each variable in Eq. 2.5 as the sum of the time-averaged value 
and the instantaneous fluctuation.   
 
𝑃𝑡,𝑚̅̅ ̅̅ ̅ + 𝑝𝑡,𝑚
′ (𝑡) =  𝑃?̅? + 𝑝𝑠
′ (𝑡) +  
1
2
𝜌[(𝑈 + 𝑢′)2 + (?̅? + 𝑣′)2 + (?̅? + 𝑤′)2]  Eq. 2.9 
The time-averaged measurement of the probe 𝑃𝑡,𝑚̅̅ ̅̅ ̅ is found by time averaging Eq. 2.9 which 
results in Eq. 2.6. The ideal Pitot probe overestimates the total pressure by an amount equal to 
the turbulent dynamic pressure. 
 In general, a Pitot probe will not be ideal and the angular response function 𝑓 will not be 
a constant. Becker and Brown
15
 developed a model for the response of a general Pitot probe in a 
turbulent flow. Their analysis began by assuming that the integral length scale of the turbulence 
was large compared to the size of the probe tip and then assuming the effects of turbulence were 
equivalent to the effects of flow angularity in steady laminar flow. They assumed a form of the 
angular response function and wrote the instantaneous response of the Pitot probe as: 
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𝑃𝑡,𝑚 =  𝑃𝑠 + 
1
2
𝜌 𝑉𝑡
2(1 − 𝐾𝑡(sin(𝜃))
2𝑚)  Eq. 2.10 
The terms 𝐾𝑡 and 𝑚 are coefficients dependent on the probe tip geometry. From Fig. 2.1 we can 
see that the term sin(𝜃) can be written in terms of the total velocity 𝑉𝑡 and the transverse 
velocity 𝑉𝑛.  
 
𝑃𝑡,𝑚 =  𝑃𝑠 + 
1
2
𝜌 𝑉𝑡
2 (1 − 𝐾𝑡 (
𝑉𝑛
𝑉𝑡
)
2𝑚
)  Eq. 2.11 
Becker and Brown then assumed the mean transverse velocity was zero and then time averaged 
Eq. 2.11. They performed a mathematical analysis in order to determine the time average of the 
last term in Eq. 2.11 but those steps will not be shown here. The result of their analysis is an 
equation describing the time-averaged response of a generic Pitot probe in a turbulent flow. 
 𝑃𝑡,𝑚̅̅ ̅̅ ̅ = 𝑃?̅? + 𝑞𝑈̅̅ ̅ + 𝑞′̅ − 𝐾𝑇(𝑞𝑈̅̅ ̅ + 𝑞′̅)
1−𝑚(𝑞𝑛′̅̅ ̅)
𝑚 Eq. 2.12 
Recall the assumption 𝑉?̅? = 0. 
 𝑞𝑈̅̅ ̅ =
1
2
𝜌?̅?2 Eq. 2.13 
The turbulent dynamic pressure, 𝑞′̅, was defined in Eq. 2.8. The term 𝑞𝑛′̅̅ ̅ represents the transverse 
turbulent fluctuations. 
 𝑞𝑛′̅̅ ̅ =
1
2
𝜌(𝑣′2̅̅ ̅̅ + 𝑤′2̅̅ ̅̅ ̅) Eq. 2.14 
The last term in Eq. 2.12 is due to the angular response of the probe, and the coefficients 
𝐾𝑡 and 𝑚 can be determined by performing a calibration of the Pitot probe in a steady laminar 
flow. Upon examining Eq. 2.10 and Eq. 2.12 it can be seen that there are two special cases. First, 
when the constant 𝑚 is very large the term sin(𝜃)2𝑚 goes to zero and the Pitot probe is 
insensitive to the angle and the last term on the right hand side of Eq. 2.12 can be negleted.
14
 In 
this case Eq. 2.12 reduces to Eq. 2.6 and the error in the total pressure is equal to the turbulent 
dynamic pressure defined in Eq. 2.8. Pitot probes with a chamfered
14
 tip geometry and Kiel
25
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probes are known to be insensitive to angularity, over a range of approximately ±30°, and 
therefore behave as ideal total pressure probes. A second special case was investigated by 
Rossow
26
 who attempted to design a probe with 𝐾𝑡 ≈ 𝑚 ≈ 1. Such a probe is referred to as an 
“ideal transverse response” Pitot probe. The response of this probe is: 
 
𝑃𝑡,𝑚̅̅ ̅̅ ̅ = 𝑃?̅? + 𝑞𝑈̅̅ ̅ +
1
2
𝜌𝑢′2̅̅ ̅̅  Eq. 2.15 
Lu and Bragg
14
 performed a calibration of the tapered nose and chamfered nose Pitot 
probes shown in Fig. 2.3, and used these probes to measure the total pressure in the wake of a 
circular cylinder. The total pressure coefficient (𝐶𝑝𝑡,𝑚̅̅ ̅̅ ̅̅ ̅) distributions measured by each probe, 6 
diameters downstream from the cylinder, are shown in Fig. 2.4. The corresponding distributions 
of the RMS of the turbulent fluctuations, measured by an x-wire, are shown in Fig. 2.5. The 
distributions of 𝐶𝑝𝑡,𝑚̅̅ ̅̅ ̅̅ ̅ show, that throughout the wake, the chamfered probe consistently 
measured a higher total pressure than the tapered probe. At Z = 0.125-in. the chamfered probe’s 
measurement was nearly 73% higher than the tapered probe. This difference can also be 
expressed as approximately 18% of the freestream dynamic pressure (𝑞∞) which would be the 
more relevant comparison when calculating drag from wake measurements. Note that 
measurements at Z = 0.125-in. were used for this comparison as opposed to Z = 0 because it 
appears the chamfered probe measurement at Z = 0 may have been erroneous. Recall that the 
chamfered Pitot probe’s response was modeled by Eq. 2.6 and the tapered probe’s response was 
defined by Eq. 2.12. The difference between these two probes is due to the last term on the right 
hand side of Eq. 2.12 which represents the angular response of the tapered probe. The chamfered 
Pitot probe does not have an appreciable angular response so this term is zero. 
The model of a Pitot probe’s response to turbulence, Eq. 2.12, can be used to correct the 
measurements of a Pitot probe assuming that the turbulent fluctuations are known. Figure 2.6 
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shows the results of correcting the total pressure measurements of Fig. 2.4 by using Eq. 2.12 and 
the turbulence measurements of Fig. 2.5.
14
 The correction resulted in a significant change to the 
chamfered probe’s measurements. At Z = 0.125-in. 𝐶𝑝𝑡,𝑚̅̅ ̅̅ ̅̅ ̅ was reduced by 18% of 𝑞∞, and 
throughout the wake the agreement between the two probes improved significantly. Comparing 
Fig. 2.6 and Fig. 2.4 it can be seen that the correction resulted in a very small change for the 
tapered probe, approximately 0.4% of 𝑞∞. Again examining Eq. 2.12 it can be seen that the last 
term in the equation, which represents the angular response of the probe, is always negative 
while the third term on the right hand side (𝑞′̅) is always positive. These two terms bias the Pitot 
probe’s measurement in different directions resulting in a reduced overall error compared to a 
probe that is insensitive to the flow angularity such as the chamfered probe.  
An interesting consequence of the effects of turbulence on pressure measurements is that 
since the effects depend on the geometry of the probe it is possible to estimate the transverse 
turbulence intensity from the differential measurements of two different probes. This was the 
goal of Rossow
26
 who attempted to design the “ideal transverse response” Pitot probe. If the 
same turbulent flow is surveyed using an “ideal” Pitot probe, such as a chamfered probe, and an 
“ideal transverse” Pitot probe the transverse turbulent kinetic energy can be calculated.  
 ?̅?𝑡,𝑐ℎ𝑎𝑚 − ?̅?𝑡,𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒  =
1
2
𝜌(𝑣′2̅̅ ̅̅ + 𝑤′2̅̅ ̅̅ ̅) Eq. 2.16 
The transverse turbulent kinetic energy can also be determined by taking the different between 
any two general Pitot probes with different values of 𝐾𝑡 and 𝑚.  
 
2.2 Static Pressure Probes 
The most commonly used static pressure probe is made of a tube with the axis aligned 
with the mean flow, a streamlined nose and one or more pressure taps located around the 
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circumference of the probe downstream from the nose. Using an approach similar to that of 
Becker and Brown
15
, Cho and Becker
16
 investigated the influence of turbulence on static 
pressure measurements using a probe with a single orifice. Assuming that at a given instant in 
time the measurement of the probe equals the measurement that would be acquired in a steady 
laminar flow with the same velocity, angle and static pressure. 
 
𝑃𝑠,𝑚 =  𝑃𝑠 + 
1
2
𝜌 𝐶 𝑉𝑡
2  Eq. 2.17 
Where C represents the impact pressure coefficient which is a function of the shape and 
orientation of the probe. In a turbulent flow, at a given instant in time, the velocity vector will be 
at some angle relative to the probe, see Fig. 2.7, and the impact pressure coefficient is inteneded 
to account for this effect. The coefficient C is a function of the flow angularity and can be 
determined using a steady laminar calibration. Time averaging Eq. 2.17 results in: 
 
𝑃𝑠,𝑚̅̅ ̅̅ ̅ =  𝑃?̅? + 
1
2
𝜌 𝐶 𝑉𝑡
2̅̅ ̅̅ ̅̅   Eq. 2.18 
In order to analyze the last term in Eq. 2.18 Cho and Becker assumed that the mean transverse 
velocity (𝑉?̅?) was zero, the three components of the velocity fluctuation were uncorrelated and 
isotropic. Their analysis ultimately leads to the following model for the measurement of a static 
pressure probe with a single orifice. 
 
𝑃𝑠,𝑚̅̅ ̅̅ ̅ =  𝑃?̅? + 
1
2
𝜌 ?̅?2 [
𝑣𝑛′2̅̅ ̅̅
?̅?2
+
𝐶 𝑉𝑡
2̅̅ ̅̅ ̅̅
?̅?2
− 𝑎 (
𝑣𝑛′2̅̅ ̅̅
?̅?2
)
𝑏
]  Eq. 2.19 
If the various coefficients are known, and the turbulence is measured, Eq. 2.19 can be used to 
determine the correct static pressure. Cho and Becker
16
 presented data that showed the second 
term in Eq. 2.19 (term in the squate bracketes) is typically negative resulting in a measured static 
pressure that is lower than the true static pressure.  
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 The analysis of Cho and Becker
16
 is only valid for a static pressure probe with a single 
orifice, but static pressure probes with more than one orifice are commonly used. Lu
24
 conducted 
an investigation into the effects of turbulence on the measurements of a static pressure probe 
with four pressure taps located symmetrically around the circumference of the probe. Goldstein
13
 
with the use of Taylor’s vorticity-transport theory developed an important relation between the 
static pressure and turbulence dynamic pressure in a 2D wake. 
 
𝑃?̅? = 𝑃𝑠,𝑒̅̅ ̅̅ − 𝑞′̅ Eq. 2.20 
Where 𝑃?̅?, 𝑃𝑠,𝑒̅̅ ̅̅  and 𝑞′̅ are the true static pressure in the wake, the static pressure just outside of 
the wake and the turbulent dynamic pressure. If 𝑃𝑠,𝑒̅̅ ̅̅  and 𝑞′̅ are known than the true value of the 
static pressure throughout the wake can be determined. 𝑃𝑠,𝑒̅̅ ̅̅  can be easily measured because 
outside of the wake the turbulence levels are low. Lu
24
 used Eq. 2.20 and a static pressure probe 
to determine the error in the measurements of static pressure downstream of a cylinder. Figure 
2.8 shows the difference between 𝑃?̅? calculated using Eq. 2.20 and the static pressure measured 
by a probe vs. the transverse turbulent fluctuations. Note that both the x- and y-axes are 
normalized by the local dynamic pressure (rather than the freestream dynamic pressure). The plot 
contains measurements from several different downstream locations and it can be seen that the 
error is only a function of the transverse turbulent fluctuations. Based on the expeirmental data 
Lu
24
 developed the following model for the effects of turbulence on the static pressure 
measurement.  
 
𝑃𝑠,𝑚̅̅ ̅̅ ̅ = 𝑃?̅? + 𝑞′̅ − 𝐾𝑠𝑞𝑛′̅̅ ̅ =  𝑃𝑠,𝑒̅̅ ̅̅ −  𝐾𝑠𝑞𝑛′̅̅ ̅ Eq. 2.21 
Using measurements in the wake of the cylinder the value of 𝐾𝑠 was determined to be 2.2. 
Unfortunately Lu found that the coefficient 𝐾𝑠 was not necessarily a universal constant for all 
turbulent flows. Measurements were also acquired in the wake of a NACA 0012 airfoil with a 
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leading-edge ice accretion simulation. At angles of attack of 10° and 12° the value of 𝐾𝑠 was 
found to be 1.854 and 1.995, respectively. The results of Lu
24
 are consistent with the work by 
Fage
27
 who expressed the difference between the true and measured static pressure in turbulent 
pipe flow as a linear function of the transverse turbulent dynamic pressure. Fage
27
 used a probe 
with 30 ports spaced around the circumference and found values of 𝐾𝑠 equal to 0.28 and 0.22 for 
a circular and rectangular pipe, respectively. Due to the variability in 𝐾𝑠 it appears that the best 
way to determine the static pressure is with Eq. 2.20 because the turbulence can be measured 
accurately using a variety of techniques and 𝑃𝑠,𝑒̅̅ ̅̅  can be easily measured. 
 As with total pressure measurements it is possible to use static pressure measurements to 
estimate the transverse velocity fluctuations. For example, Eq. 2.21 can be used if the value of 𝐾𝑠 
is known. Rossow
28
 attemped to determine the static pressure probe design that allow for the 
more accurate determination of the static pressure and the transverse velocity fluctuations. He 
also showed that by using a static pressure probe with an elliptic cross-section as opposed to 
circular made the probe significantly more sensisitve to fluctuations in a certain direction. 
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2.3  Figures 
 
 
 
  
 
 
 
Fig. 2.1 Definition of coordinate system, velocity components and flow angles. 
Total Pressure Port Static Pressure Ports 
Fig. 2.2 Image of a Pitot Probe. 
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Fig. 2.3 Pitot probe tip geometries from Lu and Bragg.
14
 
Fig. 2.4 Measured 𝑪𝒑𝒕,𝒎̅̅ ̅̅ ̅̅ ̅ distribution in the wake of a cylinder, 6 
diameters downstream at Re = 69,000. Adapted from Lu and Bragg.
14
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Fig. 2.5 Distribution of the RMS of the turbulent fluctuations in the 
wake of a cylinder, 6 diameters downstream at Re = 69,000. Adapted 
from Lu and Bragg.
14
 
Fig. 2.6 Corrected 𝑪𝒑𝒕,𝒄̅̅ ̅̅ ̅̅  distribution in the wake of a cylinder, 6 diameters 
downstream at Re = 69,000. Adapted from Lu and Bragg.
14
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Fig. 2.7 Generic static pressure probe in an arbitrary flowfield. 
Fig. 2.8 Difference between theoretical and experimental static pressure in the wake of a 
cylinder at Re = 69,000.
24
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Chapter 3 
Wake Surveys 
This chapter begins with a review of the literature of wake survey techniques. This 
review is followed by a discussion of the theory used for calculating aerodynamic forces from 
wake measurements. Wake surveys of 2D and 3D bodies are covered.  
 
3.1 Wake Survey Literature Review 
Accurately determining the forces, particularly lift and drag, acting on a body moving 
through a fluid is one of the primary goals of aerodynamics and there are a variety of theoretical, 
experimental and computational methods to estimate these forces. Two common experimental 
methods include the use of a force balance and integrating surface pressure measurements. In 
general a force balance is likely the most accurate method but can suffer from several drawbacks. 
When testing an airfoil in a wind tunnel the flowfield is not truly 2D where the model meets the 
wind tunnel walls but the force balance cannot easily neglect the contribution from those 
portions of the model. For a 3D body it may be necessary to determine how the loads are 
distributed along the span which a force balance cannot do. In addition a force balance cannot 
distinguish between profile and induced drag. Surface pressure measurements can be effective 
for measuring the lift on 2D bodies but are not very useful for determining drag, and obtaining 
sufficient spatial resolution on a 3D model is often impractical.  
Wake surveys are an alternative method of determining the loads on a model in a wind 
tunnel. Measurements of pressure and velocity in the wake can be used in a control volume 
analysis to estimate loads acting on a body. Wake surveys are commonly classified as a “far-field 
method” as opposed to “near-field methods” that determine forces based on the flow over the 
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surface of the model, such as integrating surface pressure measurements. This distinction is also 
important in CFD. A near-field approach in CFD requires the integration of friction and pressure 
forces over the entire surface of the object which can be very difficult for complex shapes 
making far-field approaches an attractive option.
29
 An additional benefit of a far-field approach 
is that it provides access to additional information. For the most general case of a 3D body, the 
wake survey technique is capable of the following: 
1. Determining the total lift and drag. 
2. Decomposing the drag into profile and induced drag components based on the unique 
influence each component has on the flowfield. In compressible flow it is also 
possible to determine the wave drag. 
3. Determining the spanwise distributions of lift, total drag and the different drag 
components.  
Items 2 and 3 in the above list are the primary benefits of the wake survey technique for 3D 
bodies since that information is not easily obtainable from other sources. For a 2D body the 
benefit of a wake survey is the ability to obtain a measurement of drag that is representative of a 
2D section of the object.  
 One of the earliest uses of a wake survey was Taylor who, in 1918, used wake 
measurements to estimate skin friction on a flat plate.
30
 Taylor’s method proved impractical for 
most wind tunnels because his method required measurements taken very far downstream. Since 
Taylor, numerous researchers have derived equations to estimate drag from wake surveys and 
today the most commonly used method for 2D bodies is that developed by Jones.
31
 The method 
developed by Jones only requires total pressure measurements which can be acquired using a 
Pitot probe. A description of this method will be provided in a subsequent section.  
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 For 3D bodies the wake survey analysis requires measurements of total pressure, static 
pressure and the 3D velocity vector throughout the wake. As a result most 3D wake surveys are 
done using multi-hole probes such as a five- or seven-hole probe. The wake survey method for a 
3D body such as a wing is considerably more difficult but provides more information than the 
two-dimensional wake survey. The theory and relevant equations are discussed in a subsequent 
section and a brief literature review is provided here to highlight the capabilities of this method.  
Brune and Bogataj
32
 and Brune
33
 performed a wake survey on a simple rectangular wing 
with a NACA 0006 airfoil section in the 8 x 12 ft low speed wind tunnel at the University of 
Washington. Measurements were made with a 5-hole probe at a Mach number of 0.18 and 
Reynolds number of 1.27 million. Figure 3.1 compares the lift and drag measured by the force 
balance to the results of the 5HP wake survey; note that the profile drag is also shown. The 
agreement between the two methods was excellent. As the angle of attack increased from 4° to 
12° the total drag increased by a factor of approximately 2.6, and the wake survey results showed 
that profile drag accounted for approximately 18% of the increase. Brune and Bogataj
32
 also used 
the wake survey to investigate the influence of vortex generators on the wing performance. They 
demonstrated that the wake survey accurately determined the increment in drag due to the vortex 
generators, and they used spanwise distributions of profile and induced drag to investigate 
changes in the local aerodynamics, see Fig. 3.2a and b. The vortex generators resulted in 
localized increases in both profile and induced drag. These results demonstrate the potential for 
the wake survey technique to be used to assess aerodynamic impact of small changes in the 
design of a wing. 
Hackett and Sugavanam
34
 used a rake of 5HPs to conduct wake surveys downstream of a 
stalled wing and a car model. For the case of the stalled wing measurements were acquired 18 
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inches and 36 inches downstream from the quarter chord of the wing. The wake survey at 18-in. 
overpredicted the drag by 17.3% of the balance measurement while the wake survey at 36-in. 
underpredicted drag by only 2.8%. The authors speculate that the large over prediction of drag 
by the upstream wake survey was due to turbulence in the wake that largely dissipated before 
reaching the downstream survey plane. The wake survey was able to predict the total drag of the 
car within approximately 4% of the balance measurement and there was only a minor difference 
between the upstream and downstream survey plane. The authors also discussed the challenge of 
appropriately accounting for the tunnel floor boundary layer. Due to the car model’s proximity to 
the tunnel floor a non-negligible portion of the wake survey may be contaminated by flow from 
the floor boundary layer.  
Diebold and Bragg
8,35
 used 5HP wake surveys to study the effects of leading-edge ice on 
the aerodynamics of a swept wing model. Figure 3.3 compares the lift and drag coefficients 
measured by the balance and the wake-survey method for both the clean and iced wing. The 
agreement in lift was very good with an average error of approximately 3% of the balance 
measurement. The wake survey consistently underpredicted the drag of the swept wing but the 
authors stated that the inboard 10% of the wing was not surveyed. It can be seen in Fig. 3.3b that 
the drag measured by the wake follows the curve of the balance measurements quite well. A 
comparison between the profile and induced drag of the swept wing with and without ice is 
shown in Fig. 3.4. For a fixed CL, the drag decomposition showed that the ice shape resulted in a 
large increase in the profile drag while the induced drag was unaffected. In addition, the profile 
drag of the iced wing increased rapidly with CL compared to the clean wing. The flowfield of the 
iced swept wing was characterized by a large region of separated flow behind the ice shape 
which was the cause of the increase in profile drag.
36
 In addition, as the angle of attack of the 
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wing increased, the size of the separated region grew causing the profile drag to rise rapidly. 
Diebold and Bragg also used the wake survey data to investigate how the ice influenced the 
spanwise distributions of lift and drag shown in Fig. 3.5 for α = 4°. The spanwise distributions 
showed that while the ice decreased the lift and increased the drag along the entire span the 
largest changes occurred on the outboard sections of the wing. The authors attributed this to the 
size of the ice shape relative to the local chord of the wing. The leading-edge ice shape was 
approximately the same size along the span of the wing so that due to the taper of the wing the 
relative size of the ice shape, and therefore the size of the separated region, increased along the 
span. This observation was consistent with oil flow visualization which showed the size of the 
separated region relative to the local chord increased towards the tip. 
 
3.1.1 Effects of Turbulence on Wake Surveys 
This final section of the wake survey literature review discusses the effects of turbulence 
on the measurement of drag using wake surveys. To the author’s knowledge the only research in 
the literature investigating the influence of turbulence on wake surveys has focused on wake 
surveys of 2D bodies to determine the profile drag. 
In this dissertation the effects of turbulence on the drag calculated from wake surveys 
will be classified either as “Direct” effects or “Indirect” effects. The direct effect refers to the 
presence of the Reynolds stress terms in the equation for drag. There are many forms of the drag 
equation, some of which will be discussed in more detail below. In many cases it is common to 
simply ignore the Reynolds stress terms in wake-survey equations for drag; however, some 
authors have investigated the contribution of these terms to the drag measurement. Antonia and 
Rajagopalan
37
 derived an expression for the drag coefficient that required measurements of the 
mean streamwise velocity and the RMS of the streamwise and vertical velocity fluctuations. 
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Using their expression they measured the drag of a 2D cylinder at Re = 5600. At 5 diameters 
downstream the integral containing the Reynolds stresses accounted for approximately 22% of 
the total measured drag while at 30 diameters downstream the turbulence integral only accounted 
for 0.5% of the total drag due to the viscous dissipation of turbulent kinetic energy. Lu and 
Bragg investigated the use of several different formulations for drag of a 2D cylinder
14
 and an 
airfoil with and without a leading-edge ice shape simulation.
38
 Using the simple Jones equation, 
which is a commonly used expression, and will be discussed later, they showed that the error in 
drag could be as high as 22% only 6 diameters downstream of the cylinder and the error was 
approximately 7% at 16 diameters downstream. Lu and Bragg
14
 derived a new expression for 
drag that included Reynolds stress terms which resulted in an error of only 7% at 6 diameters 
downstream of the cylinder, but this method required measurements of the Reynolds stresses 
which were acquired using an x-wire. For the airfoil with and without ice the drag was accurately 
calculated from wake measurements for angles of attack below stall.
38
 Once the airfoil stalled the 
error in drag was on the order of 10% and was not significantly influenced by the presence of the 
ice shape.  
In addition to the integrals in the drag equation that explicitly include Reynolds stresses, 
Lu and Bragg
14
 showed that the turbulence can have an “indirect” effect on the computed drag 
due to the turbulence effects on the measurements of pressure and velocity. When measurements 
were acquired at 6 diameters downstream, of the 2D cylinder, using a Pitot probe with a 
chamfered tip and the simple Jones equation the drag was underpredicted by approximately 22%, 
but when measurements were acquired using a Pitot probe with a tapered tip the error was 
approximately 4%. This difference was due to the way in which the two probe geometries 
responded to the turbulence. As will be discussed in the next section the simple Jones equation 
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neglects the contribution of the Reynolds stress to the drag, but Lu and Bragg
14
 demonstrate that 
when the Pitot probe’s response equation, Eq. 2.12, is substituted into the simple Jones equation 
there is in fact an integral that depends on turbulence. They refer to this term as the “implicit 
turbulence effects term.” They go on to show that for a tapered Pitot probe the implicit term 
balances the assumption of neglecting the Reynolds stress so that the drag is accurately 
calculated, but in the case of a chamfered probe, with a response given by Eq. 2.6, the implicit 
term is zero meaning turbulence is not taken into account and the calculated drag is incorrect. 
 
3.2 Wake-Survey Theory 
This section introduces the theory and equations used for determining the drag on a body 
using wake measurements. 
 
3.2.1 General Control Volume Analysis  
Wake-survey techniques are an application of a control volume analysis. In its most basic 
form, a control volume analysis applies the physical laws of mass and momentum conservation 
to a finite region within a flow.
39
 By analyzing the change in the flow properties entering and 
exiting the control volume it is possible to determine the net forces acting on the flow and 
therefore the body within the volume. The force vector ?⃗? acting on an arbitrary body within a 
control volume can be expressed using Eq. 3.1. 
 
?⃗? =  ∯ −𝑃𝑠?̂? −  ?⃗⃗?(?⃗⃗? ⋅ ?̂?) + 𝜏̿ ⋅ ?̂? 𝑑𝑆 Eq. 3.1 
Where the double integral operator ∯  represents integration over all surfaces of a control 
volume, ?̂? represents the surface normal unit vector and 𝑃𝑠, ?⃗⃗? and 𝜏̿ represent the static pressure, 
velocity vector and viscous stress tensor, respectively.  
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 In a wind tunnel, the boundaries of the control volume are typically taken to be the 
upstream plane 𝑆1, downstream plane 𝑆2 and the tunnel walls, see Fig. 3.6. The control volume 
analysis for a model in a wind tunnel requires the following assumptions. 
1. The upstream plane 𝑆1 is located far enough upstream so as not to be influenced by 
the model.  
2. Wake survey data are measured at a single transverse plane 𝑆2.  
3. The flow is incompressible. 
4. No suction or blowing through the walls.  
5. Negligible viscous stresses in the wake. 
Initially it will also be assumed that the flow is steady and laminar. The drag on a body in the 
wind tunnel control volume can be expressed as: 
 
𝐷 =  ∬ (𝑃∞ − 𝑃𝑠)𝑑𝑆2
𝑆2
+  𝜌 ∬ (𝑈∞
2 − 𝑈2)𝑑𝑆2
𝑆2
 Eq. 3.2 
The subscript ∞ indicates a freestream quantity that is measured at the inlet of the wind tunnel 
test section (𝑆1). The first term in Eq. 3.2 represents the static pressure distribution on the faces 
of the control volume and the second term represents the loss of axial momentum within the 
volume. This equation can be rewritten in terms of total pressure.  
 𝑃𝑡 =  𝑃𝑠 + 
1
2
𝜌(𝑈2 + 𝑉2 + 𝑊2) Eq. 3.3 
 
𝐷 =  ∬ (𝑃𝑡∞ − 𝑃𝑡)𝑑𝑆2
𝑆2
+
1
2
𝜌 ∬ (𝑈∞
2 − 𝑈2)𝑑𝑆2
𝑆2
+
1
2
𝜌 ∬ (𝑉2 +  𝑊2)𝑑𝑆2
𝑆2
 Eq. 3.4 
Equations 3.2 and 3.4 are equivalent and can be considered exact in a steady laminar flow.  
These equations can be further generalized by considering a turbulent flowfield. Using 
standard Reynolds decomposition, see Eq. 2.1, and time averaging Eq. 3.2 can be rewritten as:  
 
?̅? =  ∬ (𝑃∞ − 𝑃?̅?) 𝑑𝑆2
𝑆2
+  𝜌 ∬ (𝑈∞
2 − ?̅?2) 𝑑𝑆2
𝑆2
−  𝜌 ∬ 𝑢′2̅̅ ̅̅  𝑑𝑆2
𝑆2
 Eq. 3.5 
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The overbar represents a time-averaged quantity and the prime represents a fluctuating quantity. 
Freestream quantities, measured at the upstream plane 𝑆1, are assumed to be constant and the 
overbar is neglected for these terms. Equation 3.5 differs from Eq. 3.2 because of the addition of 
the third integral in Eq. 3.5 which represents the kinetic energy of the streamwise fluctuations. 
This new term is a direct effect of turbulence on the wake survey, see Section 3.1.1. If the wake 
is turbulent then neglecting this term will result in an over prediction of the drag because a 
portion of the axial momentum is neglected.  
 Using the same process as above, for Eq. 3.2, Eq. 3.4 can be rewritten to account for 
turbulence, but first it is necessary to look at the time-averaged value of the total pressure. Using 
Reynolds decomposition and time averaging Eq. 3.3 the average total pressure is:  
 𝑃?̅? =  𝑃?̅? + 
1
2
𝜌(?̅?2 + ?̅?2 + ?̅?2) + 
1
2
𝜌(𝑢′2̅̅ ̅̅ + 𝑣′2̅̅ ̅̅ + 𝑤′2̅̅ ̅̅ ̅) Eq. 3.6 
Note that 𝑃?̅? in a turbulent flow is not equal to the true total pressure 𝑃𝑡,𝑐̅̅ ̅̅  defined by Eq. 2.4 
which is rewritten here for convenience.  
 𝑃𝑡,𝑐̅̅ ̅̅ =  𝑃?̅? + 
1
2
𝜌(?̅?2 + ?̅?2 + ?̅?2) Eq. 3.7 
Substituting Eqs. 3.6 and 3.7 into Eq. 3.5 the drag can be expressed as: 
 
?̅? =  ∬ (𝑃𝑡∞ − 𝑃𝑡,𝑐̅̅ ̅̅ )𝑑𝑆2𝑆2
+
1
2
𝜌 ∬ (𝑈∞
2 − ?̅?2)𝑑𝑆2𝑆2
+
1
2
𝜌 ∬ (?̅?2 +  ?̅?2)𝑑𝑆2𝑆2
− 𝜌 ∬ 𝑢′2̅̅ ̅̅  𝑑𝑆2𝑆2
  
Eq. 3.8 
Equations 3.5 and 3.8 represent the generic forms of the drag equation that will be used in 
Section 6.6 to investigate the use of 5HP wake surveys for determining drag. In general Eqs. 3.5 
and 3.8 are rarely used in favor of more convenient formulations. For example, it is common to 
neglect the integral of the Reynolds stress. For streamlined bodies without large regions of 
separated flow neglecting the turbulence term is a valid assumption. For bluff bodies or 
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streamlined bodies with separated flow, such as a stalled airfoil, neglecting the turbulence terms 
can result in significant error in the calculated drag.
14,37,38
 
 
3.2.2 2D Wake-Survey Equations 
Wake surveys are most commonly used to measure the drag of 2D objects in a wind 
tunnel, because unlike a traditional force balance the wake survey is capable of determining a 
true sectional drag coefficient. While five-hole probes are most commonly used in 3D flowfields, 
Section 6.2.1 will present five-hole probe measurements in the wake of a 2D cylinder in order to 
begin investigating the effects of turbulence on five-hole probes. In addition, these measurements 
will be used to determine the 2D sectional drag of the cylinder. The experimental setup and 
corresponding results will be discussed in later sections but the basic control volume is sketched 
in Fig. 3.7.  A cylinder of diameter 𝐷 is located on the centerline of the wind tunnel with walls 
located at 𝑦 = ± ℎ 2⁄ .  Note that the derivation below is valid for any two-dimensional body. The 
non-dimensional 2D-drag coefficient (drag/unit span) of the cylinder is defined as:  
 
𝐶𝑑̅̅ ̅ =  
 ?̅? 𝑆𝑝𝑎𝑛⁄
1
2𝜌𝑈∞
2 𝐷
 Eq. 3.9 
Non-dimensionalizing the static pressure formulation of drag, Eq. 3.5, results in:  
 
𝐶𝑑̅̅ ̅ = ∫ −𝐶𝑝𝑠̅̅ ̅̅
ℎ
2
−ℎ2
 𝑑
𝑦
𝐷
 + 2 ∫ (1 −
?̅?2
𝑈∞2
)
ℎ
2
−ℎ2
 𝑑
𝑦
𝐷
− 2 ∫
𝑢′2̅̅ ̅̅
𝑈∞2
ℎ
2
−ℎ2
 𝑑
𝑦
𝐷
  Eq. 3.10 
Where 𝐶𝑝𝑠̅̅ ̅̅  is the static pressure coefficient. 𝐶𝑑̅̅ ̅ can also be determined by non-dimensionalizing 
the total pressure formulation of drag, Eq. 3.8. Note that for a 2D non-lifting body such as a 
cylinder the mean transverse velocity components are negligible, ?̅? = ?̅? = 0.   
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𝐶𝑑̅̅ ̅ = ∫ (1 − 𝐶𝑝𝑡,𝑐̅̅ ̅̅ ̅̅ )
ℎ
2
−ℎ2
 𝑑
𝑦
𝐷
 + ∫ (1 −
?̅?2
𝑈∞2
)
ℎ
2
−ℎ2
 𝑑
𝑦
𝐷
− 2 ∫
𝑢′2̅̅ ̅̅
𝑈∞2
ℎ
2
−ℎ2
 𝑑
𝑦
𝐷
  Eq. 3.11 
Where 𝐶𝑝𝑡,𝑐̅̅ ̅̅ ̅̅  is the true total pressure coefficient defined by non-dimensionalizing Eq. 3.7. 
Equations 3.10 and 3.11 are equivalent and can be considered exact providing the assumptions 
listed in Section 3.2.1 are valid and the transverse velocity components ?̅? and ?̅? are zero. 
A common problem when using a wake survey technique is appropriately accounting for 
the limits of the integration. The integrals in Eq. 3.10 and Eq. 3.11 are from wall to wall but it is 
typically impractical to acquire measurements across the entire width of the tunnel. Instead 
measurements are typically confined to a much smaller region around the wake, in Fig. 3.7 the 
boundaries of the survey region are indicated by 𝑦 = ±𝑦𝑠. In many derivations of wake survey 
equations it is assumed that beyond the edge of the viscous wake (𝑦 = ±𝑦𝑤) the flow variables 
are at their freestream values. If this is true then the integrands in Eq. 3.10 and Eq. 3.11 are zero 
outside of the viscous wake and the limits of integration can be set to −𝑦𝑤 to +𝑦𝑤.  In general 
this assumption is not valid within a wind tunnel due to the constraint of the walls. The mass flux 
across any plane perpendicular to the freestream flow and spanning the entire cross section of the 
tunnel must be constant at all downstream locations. Downstream of the model the mass flow 
within the wake edges (𝑦 ≤  |𝑦𝑤|) is reduced compared to the mass flow through an equivalent 
area upstream of the model. In order for mass to be conserved the velocity outside of the wake 
must be higher than the freestream velocity 𝑈∞ measured upstream of the model. In the inviscid 
flow outside of the wake the increased velocity corresponds to a decreased static pressure 
relative to the freestream value measured upstream. This means that the first integral of Eq. 3.10 
is not a wake integral. The total pressure is constant along a streamline in the inviscid flow so 
𝐶𝑝𝑡,𝑐̅̅ ̅̅ ̅̅ (𝑦 > |𝑦𝑤|) = 1.0. As a result, the first integral in Eq. 3.11 can be rewritten as a wake 
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integral. In addition, the flow outside of the wake can be considered laminar so the integral of the 
streamwise turbulent kinetic energy 𝑢′2̅̅ ̅̅  can also be expressed as a wake integral.  
 
𝐶𝑑̅̅ ̅ = ∫ −𝐶𝑝𝑠̅̅ ̅̅
ℎ
2
−ℎ2
 𝑑
𝑦
𝐷
 + 2 ∫ (1 −
?̅?2
𝑈∞2
)
ℎ
2
−ℎ2
 𝑑
𝑦
𝐷
− 2 ∫
𝑢′2̅̅ ̅̅
𝑈∞2
𝑦𝑤
−𝑦𝑤
 𝑑
𝑦
𝐷
  Eq. 3.12 
 
𝐶𝑑̅̅ ̅ = ∫ (1 − 𝐶𝑝𝑡,𝑐̅̅ ̅̅ ̅̅ )
𝑦𝑤
−𝑦𝑤
 𝑑
𝑦
𝐷
 + ∫ (1 −
?̅?2
𝑈∞2
)
ℎ
2
−ℎ2
 𝑑
𝑦
𝐷
− 2 ∫
𝑢′2̅̅ ̅̅
𝑈∞2
𝑦𝑤
−𝑦𝑤
 𝑑
𝑦
𝐷
  Eq. 3.13 
Equations 3.12 and 3.13 can still be considered exact, subject to the assumptions listed in Section 
3.2.1, but these formulations are rarely used for several reasons. First, depending on the 
particular flowfield the streamwise turbulent kinetic energy must be measured which adds 
complexity to the experiment. If the turbulence levels are low the last term in both equations may 
be negligible. Second, the requirement to take measurements across the entire width of the tunnel 
is impractical. Despite this limitation the effects of turbulence-induce errors on the different 
integrals in Eqs. 3.12 and 3.13 will be investigated. 
 There are a variety of formulations of the wake-survey equations that can be used to 
calculate the drag of a 2D body.
24,40
 The most commonly used method for 2D bodies in a wind 
tunnel is the method developed by Jones.
31,41
 This method will be presented here and used, along 
with Eqs. 3.12 and 3.13 to assess the effects of turbulence on the calculation of drag through 
wake surveys. The method of Jones begins with Eq. 3.10 and the assumption to neglect the 
contribution of the turbulence term. The initial equation for the sectional drag is shown here in 
dimensional form. 
 ?̅?
𝑆𝑝𝑎𝑛
= ∫ (𝑃∞ − 𝑃?̅?)
ℎ
2
−ℎ2
 𝑑𝑦 + 𝜌 ∫ (𝑈∞
2 − ?̅?2)
ℎ
2
−ℎ2
 𝑑𝑦  Eq. 3.14 
The second integral in Eq. 3.14 can be rewritten by applying conservation of mass. 
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∫ 𝑈∞𝑑𝑦
ℎ
2
−ℎ2
=  ∫ ?̅?𝑑𝑦
ℎ
2
−ℎ2
   Eq. 3.15 
 ?̅?
𝑆𝑝𝑎𝑛
= ∫ (𝑃∞ − 𝑃?̅?)
ℎ
2
−ℎ2
 𝑑𝑦 + 𝜌 ∫ ?̅?(𝑈∞ − ?̅?)
ℎ
2
−ℎ2
 𝑑𝑦  Eq. 3.16 
In order to express the drag in terms of wake integrals Jones considered two planes downstream 
of the body. Measurements were acquired in plane 1 close to the model and plane 2 was located 
sufficiently far downstream so that the static pressure at plane 2 had returned to the freestream 
value (𝑃𝑠,2̅̅ ̅̅̅ =  𝑃∞). The drag can then be expressed in terms of the variables at plane 2. 
 ?̅?
𝑆𝑝𝑎𝑛
= 𝜌 ∫ 𝑈2̅̅ ̅(𝑈∞ − 𝑈2̅̅ ̅)
ℎ
2
−ℎ2
 𝑑𝑦2  Eq. 3.17 
The velocity at planes 1 and 2 can be related by applying conservation of mass along a 
streamtube from plane 1 to plane 2.  
 𝑈1̅̅ ̅ 𝑑𝑦1 = 𝑈2̅̅ ̅ 𝑑𝑦2  Eq. 3.18 
The drag can now be expressed as:  
 ?̅?
𝑆𝑝𝑎𝑛
= 𝜌 ∫ 𝑈1̅̅ ̅(𝑈∞ − 𝑈2̅̅ ̅)
ℎ
2
−ℎ2
 𝑑𝑦1  Eq. 3.19 
Next Jones assumed that no losses occur between plane 1 and 2 so that the total pressure is 
constant along streamlines from plane 1 to 2.  
 𝑃𝑡,𝑐1̅̅ ̅̅ ̅̅ =  𝑃𝑠,1̅̅ ̅̅̅ + 
1
2
𝜌𝑈1̅̅ ̅
2
=  𝑃𝑡,𝑐2̅̅ ̅̅ ̅̅ =  𝑃∞ +  
1
2
𝜌𝑈2̅̅ ̅
2
 Eq. 3.20 
Using the relationships for total pressure the drag can be rewritten as a wake integral: 
 ?̅?
𝑆𝑝𝑎𝑛
= 2 ∫ √𝑃𝑡,𝑐1̅̅ ̅̅ ̅̅ − 𝑃𝑠,1̅̅ ̅̅̅ (√𝑃𝑡∞ − 𝑃∞ − √𝑃𝑡,𝑐1̅̅ ̅̅ ̅̅ − 𝑃∞)
𝑦𝑤
−𝑦𝑤
 𝑑𝑦1  Eq. 3.21 
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Outside of the viscous wake 𝑃𝑡,1̅̅ ̅̅̅ = 𝑃𝑡∞ and the integrand of Eq. 3.21 is zero. Now that only 
quantities at plane 1 are considered the subscript 1 will be dropped. To further simplify Jones’ 
Equation it is commonly assumed that 𝑃𝑠,1̅̅ ̅̅̅ = 𝑃∞ so the drag can be expressed as:  
 ?̅?
𝑆𝑝𝑎𝑛
= 2 ∫ √𝑃𝑡,𝑐̅̅ ̅̅ − 𝑃∞ (√𝑃𝑡∞ − 𝑃∞ − √𝑃𝑡,𝑐̅̅ ̅̅ − 𝑃∞)
𝑦𝑤
−𝑦𝑤
 𝑑𝑦  Eq. 3.22 
Equation 3.22 is commonly referred to as the “Simplified Jones’ Equation” (SJE). Note that this 
final simplifying assumption is generally not valid in the wake of a bluff body. The non-
dimensional drag coefficient using the SJE is:  
 
𝐶𝑑̅̅ ̅ = 2 ∫ √𝐶𝑝𝑡,𝑐̅̅ ̅̅ ̅̅ (1 − √𝐶𝑝𝑡,𝑐̅̅ ̅̅ ̅̅ )
𝑦𝑤
−𝑦𝑤
 𝑑
𝑦
𝐷
  Eq. 3.23 
The SJE is commonly used in wind tunnel experiments due to its simplicity. The method only 
requires measurements of total pressure within the viscous wake which can easily be 
accomplished with a Pitot probe. The drawback to the SJE is the validity of the various 
assumptions used in the derivation. The main assumptions are: 
1. The Reynolds stress 𝑢′2̅̅ ̅̅  is small and can be neglected.  
2. The total pressure is constant along streamlines from the measurement plane (𝑃𝑡,𝑐1̅̅ ̅̅ ̅̅ ) to a 
plane far downstream (𝑃𝑡,𝑐2̅̅ ̅̅ ̅̅ ). Where plane 2 is defined by 𝑃𝑠,2̅̅ ̅̅̅(𝑦) =  𝑃∞. 
3. Static pressure in the measurement plane equals the freestream static pressure 𝑃𝑠,1̅̅ ̅̅̅ = 𝑃∞. 
In the highly turbulent wake of bluff bodies such as cylinders or stalled airfoils all three 
assumptions are not valid and can result in significant errors. 
 
3.2.3 The Effects of Turbulence on the 2D Wake-Survey Equations 
As stated in Section 1.2, one of the goals of this research is to investigate the effects of 
turbulence on the calculations of the drag on a body from wake measurements using a five-hole 
 38  
 
probe. To accomplish this goal, measurements were acquired in the wakes of 2D cylinders and 
3D finite aspect ratio cylinders, see Chapters 4 and 6. The drag of the 2D cylinder will be 
calculated using the static pressure (Eq. 3.12) and total pressure formulation (Eq. 3.13) of the 
wake survey equation. These equations are rewritten here for convenience.   
 
𝐶𝑑̅̅ ̅ = ∫ −𝐶𝑝𝑠̅̅ ̅̅
ℎ
2
−ℎ2
 𝑑
𝑦
𝐷
 + 2 ∫ (1 −
?̅?2
𝑈∞2
)
ℎ
2
−ℎ2
 𝑑
𝑦
𝐷
− 2 ∫
𝑢′2̅̅ ̅̅
𝑈∞2
𝑦𝑤
−𝑦𝑤
 𝑑
𝑦
𝐷
  Eq. 3.12 
 
𝐶𝑑̅̅ ̅ = ∫ (1 − 𝐶𝑝𝑡,𝑐̅̅ ̅̅ ̅̅ )
𝑦𝑤
−𝑦𝑤
 𝑑
𝑦
𝐷
 + ∫ (1 −
?̅?2
𝑈∞2
)
ℎ
2
−ℎ2
 𝑑
𝑦
𝐷
− 2 ∫
𝑢′2̅̅ ̅̅
𝑈∞2
𝑦𝑤
−𝑦𝑤
 𝑑
𝑦
𝐷
  Eq. 3.13 
 
𝐶𝑑̅̅ ̅ = 2 ∫ √𝐶𝑝𝑡,𝑐̅̅ ̅̅ ̅̅ (1 − √𝐶𝑝𝑡,𝑐̅̅ ̅̅ ̅̅ )
𝑦𝑤
−𝑦𝑤
 𝑑
𝑦
𝐷
  Eq. 3.23 
Recall that Eq. 3.12 and Eq. 3.13 are considered exact subject to the assumptions listed in 
Section 3.2.1. In their present form the usefulness of Eqs. 3.12 and 3.13 is limited by the 
requirement to integrate across the entire width of the tunnel. 
As discussed in Section 3.1.1 turbulence can influence the calculation of drag from wake 
survey measurements through a direct effect and an indirect effect. The direct effect refers to the 
integral of the Reynolds stress terms in the equation for drag. The third term in Eq. 3.12 and Eq. 
3.13 is a direct effect of turbulence.  
 
𝐷𝑖𝑟𝑒𝑐𝑡 𝐸𝑓𝑓𝑒𝑐𝑡 = −2 ∫
𝑢′2̅̅ ̅̅
𝑈∞2
𝑦𝑤
−𝑦𝑤
 𝑑
𝑦
𝐷
  Eq. 3.24 
When using the standard Reynolds decomposition the flowfield is represented by a superposition 
of the mean velocity field (?̅?, ?̅?, ?̅?) and a fluctuating velocity field (𝑢′, 𝑣′, 𝑤′). The direct effect 
term in Eqs. 3.12 and 3.13 accounts for the portion of the axial momentum in the fluctuating 
velocity field. Neglecting this term, as is often done when using Pitot probes to conduct a wake 
survey, results in an over prediction of the drag because a portion of the axial momentum is 
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ignored. Van Dam
29
 analyzed the hot wire measurements of Coles and Wadcock
42
 in the wake of 
a NACA 4412 airfoil at an angle of attack of 13.87° and found that the direct effect on the drag 
coefficient, see Eq. 3.24, was approximately -0.013. While the total drag coefficient was not 
reported by Coles and Wadcock
42
 the value of the direct effect term calculated by van Dam
29
 
could potentially be on the order of 10% of the drag of a stalled airfoil. It should be noted that 
other researchers have derived different formulations of the drag equation that contain different 
direct effect terms than Eq. 3.24.
14,29,37
 The SJE, Eq. 3.23, does not contain a direct effect term 
because the turbulence was assumed to be negligible during the derivation, but the SJE is 
indirectly affected by turbulence.  
 The direct effect of turbulence on the drag calculated from a wake survey is found by 
utilizing the Reynolds decomposition and can easily be accounted for if the turbulence is 
measured. The indirect effect of turbulence is the error in the calculated drag that results from 
using measurements of pressure and velocity that are contaminated by the turbulent fluctuations. 
As discussed in Chapter 2, Pitot probes and conventional static pressure probes can incur 
significant errors when used in highly-turbulent flowfields and this will influence the measured 
drag. The SJE, Eq. 3.23, is the most commonly used equation for 2D wake surveys despite the 
fact that the assumptions made during the derivation are not valid in highly turbulent flows. This 
led Lu
24
 and Lu and Bragg
14,38
 to investigate the indirect effects of turbulence on the calculation 
of drag using Pitot probes and the SJE. Equation 3.23 is written in terms of the true total pressure 
in the turbulent wake which was defined by Eq. 2.4. In practice the drag would be calculated 
using measured values which may differ from the true values due to turbulence.  
 
𝐶𝑑,𝑚̅̅ ̅̅ ̅̅ = 2 ∫ √𝐶𝑝𝑡,𝑚̅̅ ̅̅ ̅̅ ̅ (1 − √𝐶𝑝𝑡,𝑚̅̅ ̅̅ ̅̅ ̅)
𝑦𝑤
−𝑦𝑤
 𝑑
𝑦
𝐷
  Eq. 3.25 
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Where the subscript 𝑚 represents the measured value. The measurement of a general Pitot probe 
in a turbulent flow was derived by Becker and Brown
15
, see Eq. 2.12, and is shown here in non-
dimensional form. 
 
𝐶𝑝𝑡,𝑚̅̅ ̅̅ ̅̅ ̅ = 𝐶𝑝𝑠̅̅ ̅̅ +
?̅? + 𝑞′̅
𝑞∞
− 𝐾𝑇 (
?̅? + 𝑞′̅
𝑞∞
)
1−𝑚
(
𝑞𝑛′̅̅ ̅
𝑞∞
)
𝑚
 Eq. 3.26 
Where ?̅?,  𝑞′̅ and  𝑞𝑛′̅̅ ̅ are the dynamic pressure (?̅? = ?̅? = 0), turbulent dynamic pressure and the 
transverse turbulent dynamic pressure, respectively. These terms were defined by Eq. 2.7, Eq. 
2.8 and Eq. 2.14, respectively. Recall that 𝐾𝑇 and 𝑚 are calibration coefficients that depend on 
the geometry of the probe. Note that all terms on the right hand side of Eq. 3.26 are the true 
values within the flow. Lu and Bragg
14,38
 used Goldstein’s13 relationship between the static 
pressure in the wake, static pressure at the edge of the wake and the turbulent dynamic pressure, 
see Eq. 2.20, to eliminate 𝐶𝑝𝑠̅̅ ̅̅  in Eq. 3.26. Then they assumed the turbulence was isotropic 
(𝑢′2̅̅ ̅̅ =  𝑣′2̅̅ ̅̅ = 𝑤′2̅̅ ̅̅ ̅) allowing them to write the transverse turbulent dynamic pressure in terms of 
the full turbulent dynamic pressure 𝑞𝑛′̅̅ ̅ =
2
3
𝑞′̅, and substituted the Pitot probe response into the 
wake survey equation Eq. 3.25. The complete steps of the derivation can be found in Lu.
24
  
 
𝐶𝑑,𝑚̅̅ ̅̅ ̅̅ = 2 ∫ √
?̅?
𝑞∞
(1 − √
?̅?
𝑞∞
)
𝑦𝑤
−𝑦𝑤
 𝑑
𝑦
𝐷
+ 𝐾𝑇 (
2
3
)
𝑚
∫
𝑞′̅̅ ̅
𝑞∞
(
𝑞′̅̅ ̅
?̅?+𝑞′̅̅ ̅
)
𝑚−1
[1 − (√
𝑞∞
?̅?
− 1)]
𝑦𝑤
−𝑦𝑤
 𝑑
𝑦
𝐷
 
Eq. 3.27 
Note that all terms on the right hand side of Eq. 3.27 are the true values within the flow. If the 
various assumptions made by Lu and Bragg are valid then Eq. 3.27 represents the drag calculated 
by Eq. 3.26 in terms of the true mean dynamic pressure and turbulent dynamic pressure. This 
form of the SJE is useful because the second integral represents the indirect effect of turbulence 
which depends on the levels of turbulence in the flow and on the response of the Pitot probe to 
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the turbulence. Lu and Bragg
14
 demonstrated that when using a tapered Pitot probe, see Fig. 2.3, 
in the wake of a cylinder the indirect effect acted as an implicit correction to the Simple Jones’ 
Equation which countered the error due to neglecting the direct effect of turbulence. They also 
showed that using a chamfered Pitot probe in the same flow resulted in considerable error 
(~20%) in the drag coefficient.  Recall form the discussion in Section 2.1 the coefficient 𝑚 is 
very large for a chamfered probe. As a result, the second integral of Eq. 3.27 approaches zero so 
that there is no implicit correction when using the chamfered probe. 
 The experimental results presented in this dissertation will include five-hole probe 
measurements in the wakes of 2D and 3D bodies. The equations presented above will be used to 
investigate the effects of turbulence on the determination of drag when using a five-hole probe in 
the wake of a 2D body. While five-hole probes are most commonly used in three-dimensional 
flowfields the 2D wake surveys will provide a simplified application that will be used to begin 
the investigation of the effects of turbulence on five-hole probes. 
   
3.2.4 3D Wake-Survey Equations 
Wake surveys of two-dimensional bodies are most commonly carried out using Pitot 
probes. In the wakes of three-dimensional bodies it becomes necessary to measure the velocity 
vector and the pressure making the five-hole probe a common choice. Five-hole probe wake 
surveys are generally more complicated and time consuming than Pitot probe wake surveys but 
the 5HP wake survey can provide valuable information about the aerodynamic forces on a body 
that cannot be easily obtained through other experimental methods. A 5HP wake survey can be 
used to determine the following. 
1. The total drag acting on a body. 
2. Decompose the drag into profile and induced drag components. 
 42  
 
3. The lift generated by the body. 
4. Determine the spanwise distribution of these components.  
Note that this dissertation will focus on the effects of turbulence on the calculation of drag from 
wake surveys. The derivation of the 3D wake-survey equations for drag begins with a control 
volume analysis of the volume shown in Fig. 3.6. This analysis resulted in Eq. 3.2 which is 
repeated here. 
 
𝐷 =  ∬ (𝑃∞ − 𝑃𝑠)𝑑𝑆2
𝑆2
+  𝜌 ∬ (𝑈∞
2 − 𝑈2)𝑑𝑆2
𝑆2
 Eq. 3.2 
Applying Reynolds averaging and using the definition for the true total pressure, see Eq. 3.7, the 
drag can be expressed by Eq. 3.8 which is rewritten here. 
 
?̅? =  ∬ (𝑃𝑡∞ − 𝑃𝑡,𝑐̅̅ ̅̅ )𝑑𝑆2𝑆2
+
1
2
𝜌 ∬ (𝑈∞
2 − ?̅?2)𝑑𝑆2𝑆2
+
1
2
𝜌 ∬ (?̅?2 +  ?̅?2)𝑑𝑆2𝑆2
− 𝜌 ∬ 𝑢′2̅̅ ̅̅  𝑑𝑆2𝑆2
  
Eq. 3.8 
A 5HP is capable of measuring all of the terms in Eq. 3.8 except for the streamwise turbulent 
fluctuation term 𝑢′2̅̅ ̅̅ , but the contribution of turbulence to the drag is commonly neglected in 
5HP wake survey studies.
 8,32 ,40
 The advantage of the total pressure formulation of drag, Eq. 3.8, 
as opposed to the static pressure formulation, Eq. 3.2, is that the terms in Eq. 3.8 represent 
different physical mechanisms. The first two terms and the last term in Eq. 3.8 represent the 
profile drag of the object in the wind tunnel. The last term in Eq. 3.8 is typically neglected in the 
literature but should be considered part of the profile drag as it represents a portion of the axial 
momentum contained in the fluctuating velocity field of the Reynolds decomposition. The 
profile drag 𝐷𝑝̅̅̅̅  is defined as: 
 
𝐷𝑝̅̅̅̅ =  ∬ (𝑃𝑡∞ − 𝑃𝑡,𝑐̅̅ ̅̅ )𝑑𝑆2𝑆2
+
1
2
𝜌 ∬ (𝑈∞
2 − ?̅?2)𝑑𝑆2𝑆2
− Eq. 3.28 
 43  
 
𝜌 ∬ 𝑢′2̅̅ ̅̅  𝑑𝑆2𝑆2
  
Note that the last term in the profile drag equation represents the direct effect of turbulence. The 
third term of the total drag equation, Eq. 3.8, is an integral of the kinetic energy of the mean 
transverse velocity field and represents the vortex drag 𝐷𝑣̅̅ ̅.  
 
𝐷𝑣̅̅̅̅ =  
1
2
𝜌 ∬ (?̅?2 +  ?̅?2)𝑑𝑆2𝑆2
  Eq. 3.29 
For a wing in an inviscid flow, a Trefftz plane analysis shows that the induced drag of the 3D 
body is given by Eq. 3.29.
43
 Note that throughout this dissertation the term “vortex” drag will be 
used as opposed to “induced” or “lift-induced” drag. This term represents the drag due to the 
shedding of streamwise vorticity which does not necessarily require lift. The vortex drag does 
not contain a direct effect of turbulence.  
As discussed in Section 3.2.2 a limitation of Eq. 3.8 is the requirement to integrate over 
the entire plane 𝑆2 which typically represents the cross-sectional plane of the wind tunnel. This 
requirement is impractical from an experimental standpoint and it is necessary to derive 
equations that only require integrals within the viscous wake. The first term in Eq. 3.8 can be 
treated as a wake integral because outside of the viscous wake the total pressure is equal to the 
freestream total pressure, 𝑃𝑡,𝑐̅̅ ̅̅ =  𝑃𝑡∞. In addition, the last term of Eq. 3.8 can also be expressed 
as a wake integral because 𝑢′2̅̅ ̅̅ = 0 outside of the viscous wake.  
 
?̅? =  ∬ (𝑃𝑡∞ − 𝑃𝑡,𝑐̅̅ ̅̅ )𝑑𝑆𝑤𝑤 +
1
2
𝜌 ∬ (𝑈∞
2 − ?̅?2)𝑑𝑆2𝑆2
+
 
1
2
𝜌 ∬ (?̅?2 +  ?̅?2)𝑑𝑆2𝑆2
− 𝜌 ∬ 𝑢′2̅̅ ̅̅  𝑑𝑆𝑤𝑤   
Eq. 3.30 
The first and fourth integral of Eq. 3.30 are now wake integrals ∬ ( )𝑆𝑤𝑤 . 
 A profile drag equation that requires only measurements in the viscous wake was derived 
by Betz
44
 and refined by Maskell.
45
 The analysis of Betz begins by defining an artificial 
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flowfield (designated by superscript ∗) at the measurement plane. The artificial flowfield has the 
same static pressure as the real flow (𝑃?̅?
∗
= 𝑃?̅?) but a velocity ?̅?
∗ that is chosen so that the total 
pressure in this artificial flowfield 𝑃𝑡,𝑐̅̅ ̅̅
∗
 is equal to the freestream total pressure 𝑃𝑡∞. 
 𝑃𝑡,𝑐̅̅ ̅̅
∗
 =  𝑃?̅? + 
1
2
𝜌?̅?∗2 =  𝑃𝑡∞  Eq. 3.31 
Outside of the wake, where 𝑃?̅? = 𝑃∞ the artificial velocity is equal to the freestream velocity 
?̅?∗ = 𝑈∞. Inside of the wake 𝑃?̅? < 𝑃∞ which requires ?̅?
∗2 > 𝑈∞
2 . The drag of the artificial 
flowfield can be expressed as:  
 
?̅?∗ =  ∬ (𝑃𝑡∞ − 𝑃𝑡,𝑐̅̅ ̅̅
∗
)𝑑𝑆𝑤𝑤 +
1
2
𝜌 ∬ (𝑈∞
2 − ?̅?∗2)𝑑𝑆𝑤𝑤   
Eq. 3.32 
Since the total pressure of the artificial flowfield is equal to the freestream value (𝑃𝑡,𝑐̅̅ ̅̅
∗
= 𝑃𝑡∞), 
Eq. 3.32 can be simplified to:  
 
?̅?∗ =  
1
2
𝜌 ∬ (𝑈∞
2 − ?̅?∗2)𝑑𝑆𝑤𝑤   
Eq. 3.33 
Note that Eq. 3.33 is a wake integral because outside of the wake ?̅?∗ = 𝑈∞. Betz then noted that 
because ?̅?∗ > 𝑈∞ within the wake, mass is not conserved between the freestream flow and the 
artificial velocity implying that the artificial velocity can be represented by a source at the body 
in an inviscid uniform stream. The strength of this source can be determined based on the 
difference in mass flow of the real downstream flowfield and the artificial flowfield, and the drag 
generated by this source can be expressed as: 
 
𝐷𝑠𝑜𝑢𝑟𝑐𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅ =  −𝜌𝑈∞ ∬ (?̅?
∗ − ?̅?)𝑑𝑆𝑤𝑤   
Eq. 3.34 
Note that the drag of the source 𝐷𝑠𝑜𝑢𝑟𝑐𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅ is equal to the drag of the artificial velocity ?̅?
∗. The 
profile drag can now be determined by subtracting Eq. 3.33 from Eq. 3.28 and then adding Eq. 
3.34 to Eq. 3.28. Note that because 𝐷𝑠𝑜𝑢𝑟𝑐𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅ = ?̅?
∗ this step is equivalent to adding 0. After some 
manipulation which will not be shown here the profile drag can be expressed as:  
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𝐷𝑝̅̅̅̅ =  ∬ (𝑃𝑡∞ − 𝑃𝑡,𝑐̅̅ ̅̅ )𝑑𝑆𝑤𝑤 +
1
2
𝜌 ∬ (?̅?∗ − ?̅?)(?̅?∗ + ?̅? − 2𝑈∞)𝑤 𝑑𝑆𝑤  −
𝜌 ∬ 𝑢′2̅̅ ̅̅  𝑑𝑆𝑤𝑤   
Eq. 3.35 
The artificial velocity can be calculated:  
 ?̅?∗2 = ?̅?2 +
2
𝜌
(𝑃𝑡∞ − 𝑃𝑡,𝑐̅̅ ̅̅ )   Eq. 3.36 
In this form the profile drag is expressed in terms of wake integrals only, significantly improving 
the usefulness of the equation. Maskell
45
 noted that Betz’s formulation44 did not properly account 
for continuity within the wind tunnel walls and modified the analysis by defining the blockage 
velocity 𝑢𝑏̅̅ ̅.  
 
𝑢𝑏̅̅ ̅ =  
1
2𝑆𝑤
∬ (?̅?∗ − ?̅?)𝑤 𝑑𝑆𝑤   
Eq. 3.37 
Maskell then rewrote the result of Betz’s using an effective freestream velocity 𝑈𝑒.  
 𝑈𝑒 = 𝑈∞ + 𝑢𝑏̅̅ ̅   Eq. 3.38 
 
𝐷𝑝̅̅̅̅ =  ∬ (𝑃𝑡∞ − 𝑃𝑡,𝑐̅̅ ̅̅ )𝑑𝑆𝑤𝑤 +
1
2
𝜌 ∬ (?̅?∗ − ?̅?)(?̅?∗ + ?̅? −𝑤
2𝑈𝑒) 𝑑𝑆𝑤  − 𝜌 ∬ 𝑢′2̅̅ ̅̅  𝑑𝑆𝑤𝑤   
Eq. 3.39 
Maskell’s45 modification is generally interpreted as a correction for blockage and Hackett and 
Sugavanam
34
 showed that Maskell’s blockage term is equivalent to a horizontal buoyancy 
correction due to the wake displacement effect. Using Eq. 3.39 the profile drag can be calculated 
only using measurements within the viscous wake. This equation, after neglecting the turbulence 
term, is commonly used in 5HP wake survey studies.
8,32,33,34,
  
 Now that the profile drag has been written in terms of wake integrals the next step is to 
modify the vortex drag equation, Eq. 3.29, to eliminate the need for measurements throughout 
the entire plane. Equation 3.29 represents the vortex drag in terms of the momentum of the 
transverse velocity field. This integral must be carried out to the boundaries of the wind tunnel 
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because although the transverse velocity components far from the model may be small the area 
of integration is large, and the integrand of Eq. 3.29 is positive definite thus any small amount of 
transverse momentum will contribute to the integral. As a simple example consider the velocity 
field of a point vortex in potential flow. The induced velocity of the point vortex decays as 1 𝑟⁄  
(where 𝑟 is the distance from the vortex)43 but the area of integration increases as 𝑟2.  
In order to solve this problem Maskell
45
 reformulated Eq. 3.29 in terms of circulation as 
opposed to the momentum. First, the time averaged streamwise vorticity 𝜉̅ and the crossflow 
divergence or source term 𝜎 are defined as:  
 
𝜉̅ =
𝜕?̅?
𝜕𝑦
−  
𝜕?̅?
𝜕𝑧
   Eq. 3.40 
 
𝜎 = −
𝜕𝑈
𝜕𝑥
=
𝜕?̅?
𝜕𝑦
−  
𝜕?̅?
𝜕𝑧
  Eq. 3.41 
The transverse velocity field (?̅?, ?̅?) can be decomposed into an irrotational velocity potential ?̅? 
and a divergence free stream function ?̅? that must satisfy the following Poisson equations.  
 𝜕2?̅?
𝜕𝑦2
+
𝜕2?̅?
𝜕𝑧2
= −𝜉̅   Eq. 3.42 
 𝜕2?̅?
𝜕𝑦2
+
𝜕2?̅?
𝜕𝑧2
= 𝜎  Eq. 3.43 
In an inviscid flow 𝜉̅ = 0 and Eq. 3.42 reduces to the standard Laplace Equation of potential 
flow.
43
 These differential equations are subject to the following boundary conditions applied on 
the tunnel walls (the boundary of 𝑆2).  
 ?̅?𝑤𝑎𝑙𝑙 = 0   Eq. 3.44 
 𝜕?̅?
𝜕𝑛
)
𝑤𝑎𝑙𝑙
= 0  Eq. 3.45 
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The first boundary condition is the result of requiring the tunnel wall to be a streamline and the 
second boundary condition results from requiring no flow normal to the tunnel wall. Equations 
3.42 and 3.43 are satisfied if:  
 
?̅? =
𝜕?̅?
𝜕𝑧
+  
𝜕?̅?
𝜕𝑦
   Eq. 3.46 
 
?̅? = −
𝜕?̅?
𝜕𝑦
+  
𝜕?̅?
𝜕𝑧
  Eq. 3.47 
By substituting Eq. 3.46 and Eq. 3.47 into Eq. 3.29 Maskell derived the following equation for 
the vortex drag.  
 
𝐷𝑣̅̅̅̅ =  
1
2
𝜌 ∬ (?̅?2 +  ?̅?2)𝑑𝑆2𝑆2
=
1
2
𝜌 ∬ (?̅?𝜉̅ − ?̅??̅?)𝑑𝑆2𝑆2
  Eq. 3.48 
The product ?̅?𝜎 is generally considered negligible compared to ?̅?𝜉̅.33,34 The product ?̅?𝜉̅ is zero 
outside of the viscous wake where the vorticity is zero and therefore the vortex drag can be 
expressed as the following wake integral.  
 
𝐷𝑣̅̅̅̅ =
1
2
𝜌 ∬ ?̅?𝜉̅ 𝑑𝑆𝑤𝑤   
Eq. 3.49 
 In summary, the drag of a 3D body can be determined with the use of wake 
measurements and Eq. 3.39 for the profile drag and Eq. 3.49 for the vortex-induced drag. The 
total drag is the sum of the two drag components.  
 
?̅? =  ∬ (𝑃𝑡∞ − 𝑃𝑡,𝑐̅̅ ̅̅ )𝑑𝑆𝑤𝑤 +
1
2
𝜌 ∬ (?̅?∗ − ?̅?)(?̅?∗ + ?̅? − 2𝑈𝑒)𝑤 𝑑𝑆𝑤  −
𝜌 ∬ 𝑢′2̅̅ ̅̅  𝑑𝑆𝑤𝑤 + 
1
2
𝜌 ∬ ?̅?𝜉̅ 𝑑𝑆𝑤𝑤   
Eq. 3.50 
The profile and vortex drag coefficients can be determined by non-dimensionalizing Eqs. 3.38 
and 3.48, respectively.  
 
𝐶𝐷𝑝̅̅ ̅̅ ̅ =  ∬ (1 − 𝐶𝑝𝑡,𝑐̅̅ ̅̅ ̅̅ ) 𝑑 (
𝑆𝑤
𝑆𝑏
)
𝑤
 +  
1
𝑈∞
2 ∬ (?̅?
∗ − ?̅?)(?̅?∗ + ?̅? −
𝑤
Eq. 3.51 
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2𝑈𝑒) 𝑑 (
𝑆𝑤
𝑆𝑏
)   −  2 ∬
𝑢′2̅̅ ̅̅ ̅
𝑈∞
2  𝑑 (
𝑆𝑤
𝑆𝑏
)
𝑤
  
 
 
𝐶𝐷𝑣̅̅ ̅̅ ̅ =   
1
𝑈∞
2 ∬ ?̅?𝜉̅ 𝑑 (
𝑆𝑤
𝑆𝑏
)
𝑤
  Eq. 3.52 
Where 𝑆𝑏 is the reference area of the model in the wind tunnel. It should be noted that the drag of 
a 2D body can be determined using only measurements of total pressure, but measuring the drag 
of a 3D body requires measurements of total pressure and all three components of velocity. Five-
hole probes (and other multi-hole probes) are one of the few experimental tools that can be used 
to simultaneously measure the pressure and all three components of velocity. This can also be 
accomplished using 3D particle imaging velocimetry by first measuring the 3D velocity vector 
field and then integrating the Navier Stokes Equations,
46
 but the experimental setup and data 
reduction is substantially more difficult than a 5HP wake survey. 
 While the effects of turbulence on the 2D wake-survey technique have been studied in 
detail,
14,24,38
 the influence of the turbulence on 3D wake-survey techniques is not completely 
understood. Examining Eq. 3.39 and Eq. 3.49 it can be seen that only the profile-drag equation, 
Eq. 3.39, contains a direct effect of turbulence. This direct effect is equivalent to the direct effect 
for 2D bodies, see Eq. 3.24, except that now the integral must be carried out in two dimensions. 
While only the profile drag contains a direct effect of turbulence, it is anticipated that both the 
profile and vortex drag calculation will be indirectly affected by turbulence. As will be discussed 
below, in Section 4.2.2, by processing five-hole probe measurements the total pressure, static 
pressure and flow angles are obtained and the velocity components are then derived from these 
results. Any turbulence induced error in the total pressure, static pressure or the flow angles will 
propagate into the calculation of both profile and induced drag.  
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3.3  Figures 
 
 
 
  
Fig. 3.1 Comparison of balance data and wake survey data for a rectangular wing. Adapted from 
Brune and Bogataj.
32,33
 
Fig. 3.2 Spanwise distributions of a) Profile drag and b) Induced drag on a straight wing with vortex 
generators at α  = 8°. Adapted from Brune and Bogataj.32,33 
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a) Lift Coefficient b) Drag Coefficient 
Fig. 3.3 Comparison of a) Lift Coefficient and b) Drag Coefficient on a swept wing with and without ice 
measured by the force balance and the wake survey. Re = 6x10
5
. Adapted from Diebold and Bragg. 
8
  
Fig. 3.4 Comparison of clean and iced wing drag components. Re = 
6x10
5
. Adapted from Diebold and Bragg.
8
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a) Lift Coefficient b) Profile Drag Coefficient 
Fig. 3.5 Comparison of clean and iced spanwise a) lift distribution and b) profile drag distribution. α = 4° 
and Re = 6x10
5
. Adapted from Diebold and Bragg. 
8
  
Fig. 3.6 Generic 3D Control Volume. 
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Fig. 3.7 Control volume for 2D wake surveys. (ys = boundary of survey 
region, yw = edge of viscous wake) 
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Chapter 4 
Experimental Methods 
This chapter describes the facility, equipment, experimental setups and data processing 
steps used in this work. First, a description of the wind tunnel facility and the wind tunnel data 
acquisition system is provided. This discussion is followed by a detailed description of the five-
hole probe calibration setup and process. Then a description of both the standard and fast-
response five-hole probe used in this study as well as the data acquisition and reduction process 
associated with each type of probe is provided. 
In order to study the influence of turbulence on five-hole probes a series of experiments 
were designed to acquire five-hole probes measurements in turbulent flowfields. The relatively 
well-known flowfields of 2D cylinders and finite aspect ratio cylinders were used to generate 
turbulent flowfields. These experiments as well as an experiment designed specifically to 
investigate the effects of turbulence on the measured flow angle will be described. In addition to 
quantifying turbulence-induced errors the results from these experiments will be used to validate 
the model described in Chapter 5 and the method developed to correct five-hole probe 
measurements which will be introduced in Section 6.5. For a few select cases, particle imaging 
velocimetry experiments were performed in order to assess the capability of the fast-response 
five-hole probe.  
 
4.1 Wind Tunnel 
All experiments for this research were performed in the University of Illinois subsonic 
wind tunnel. The wind tunnel is of the open-return type with a rectangular test section measuring 
2.8-ft by 4-ft. The contraction ratio between the inlet and test section was 7.5:1. To reduce 
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turbulence in the test section the inlet settling section contained a four-inch thick honeycomb 
section followed by four anti-turbulence screens, this effectively reduced the turbulence intensity 
to less than 0.1% over the full range of operating speeds. In order to reduce the streamwise 
pressure gradient resulting from tunnel wall boundary-layer growth the downstream end of the 
test section was 0.50-in. wider than the upstream end. An illustration of the tunnel is shown in 
Fig. 4.1. The experiments were controlled using in-house developed LabVIEW 2012 software 
running on a Dell Precision T3400 computer with an Intel Core
TM
 Quad CPU with 4GB RAM. 
Analog signals were digitized using a National Instruments 16 bit A/D conversion board. 
The tunnel was powered by a 125-hp AC motor regulated by an ABB ACS 600 Low 
Voltage AC Drive. The motor was used to drive a 5 bladed fan up to a maximum of 1200 rpm. 
The maximum speed in the empty test section was approximately 165 mph (242 ft/s). The speed 
of the wind tunnel was set based on the desired Reynolds number for the particular experiment.  
 
𝑅𝑒 =  
𝜌𝑈∞𝐷
𝜇
 Eq. 4.1 
Where 𝜌, 𝑈∞, 𝜇 and 𝐷 represent the freestream density, freestream velocity, viscosity and 
a length scale, respectively. During operation the Reynolds number was held to within 0.5% of 
the desired value. The velocity in the test section was calculated using the difference between the 
static pressure in the settling section 𝑃𝑠𝑠 and the static pressure in the test section 𝑃𝑡𝑠. The 
pressure difference was measured using a Setra 239 differential pressure transducer. A pressure 
tap was located on each of the four walls of the settling section, and another set of four taps were 
located on the walls at the entrance of the test section. Each set of 4 taps were pneumatically 
averaged and then connected to the Setra 239. The velocity was calculated by first using 
Bernoulli’s equation to relate the total pressure in the settling section and the test section, and 
then mass conservation was applied to solve for the velocity in the test section.  
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 𝑃𝑡𝑠 +  
1
2
 𝜌 𝑈𝑡𝑠
2  =  𝑃𝑠𝑠 + 
1
2
 𝜌 𝑈𝑠𝑠
2  Eq. 4.2 
 𝐴𝑡𝑠𝑈𝑡𝑠 =  𝐴𝑠𝑠𝑈𝑠𝑠  Eq. 4.3 
 
𝑈𝑡𝑠 =  √
2(𝑃𝑠𝑠 − 𝑃𝑡𝑠)
𝜌 (1 −
𝐴𝑡𝑠
𝐴𝑠𝑠
)
2 Eq. 4.4 
The ideal gas law was used to calculate the ambient density.  
 
𝜌 =  
𝑃𝑎𝑚𝑏
𝑅 𝑇𝑎𝑚𝑏
 Eq. 4.5 
Where R is the ideal gas constant for air and 𝑃𝑎𝑚𝑏 and 𝑇𝑎𝑚𝑏 are the ambient pressure and 
temperature, respectively. The ambient pressure was measured using a Setra 270 absolute 
pressure transducer located inside the control room of the lab, and the temperature was measured 
using a Type-K Omega Thermocouple located near the entrance to the wind tunnel. The ambient 
temperature measurement was also used to calculate the viscosity 𝜇 using Sutherlands’s Law.47 
 
4.2 Five-Hole Probe Data Acquisition and Processing  
This section discusses the data acquisition and processing steps for the five-hole probes 
used in this research. First, an overview of fast-response five-hole probes and their importance to 
this research is discussed. This discussion is followed by the general theory for five-hole probe 
data reduction and a discussion of the five-hole probe calibration procedure. Then the detailed 
steps taken to apply the calibration data to five-hole probe measurements in an unknown 
flowfield are described. For this research, measurements were acquired using a standard five-
hole probe and a fast-response five-hole probe. After describing the calibration setup and data 
reduction process, a detailed description of each of these probes is provided as well as the steps 
to acquire data from each probe. 
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4.2.1 Overview of Fast-Response Five-Hole Probes 
Prior to describing the experimental setups and data processing used for five-hole probe 
measurements in this dissertation, it is necessary to have a brief discussion regarding fast-
response five-hole probes (FR5HP) and their importance to this research. This section only 
presents a general discussion, a detailed description of the data acquisition and processing for a 
FR5HP is presented in Section 4.2.8. In general, most pressure probes such as Pitot probes and 
five-hole probes are simply made up of metal tubes with a small orifice known as the pressure 
port. The orifice is connected to a pressure transducer through a long length of plastic tubing. As 
discussed in Section 2.1, this plastic tubing tends to damp out any pressure fluctuations that 
occur at the pressure port so that the transducer only senses an average pressure. Despite this low 
frequency response, the average pressure sensed by the transducer is still contaminated by the 
turbulent fluctuations. This effect has been studied in detail for Pitot probes,
13,14,15,16
 and the 
purpose of this dissertation is to study this effect on five-hole probes. This type of five-hole 
probe that is only capable of measuring time-averaged pressures will be referred to as a 
“Standard” five-hole probe (Std5HP).  
There are a handful of studies in the literature that provide some evidence of the 
turbulence induced errors on multi-hole probes.
17-23
 In all of these studies only the error in 
velocity and flow angularity were reported because the authors were unable to accurately 
measure the true total and static pressure in the turbulent flows. In order to accurately quantify 
these errors and sufficiently validate the models introduced in Chapter 5, this research will utilize 
a fast-response five-hole probe. A FR5HP is similar to a Std5HP in that the pressure is measured 
at five pressure ports on the tip of the probe, but unlike the Std5HP the FR5HP utilizes high-
frequency response pressure transducers embedded within the probe as close to the tip as 
possible. A typical maximum frequency response of a FR5HP is in the range of 1-5 kHz, and 
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depends on the probe design and the high-frequency transducers. The ability of the FR5HP to 
measure the instantaneous port pressures is important because it means that the FR5HP 
measurements are not contaminated by turbulent fluctuations in the same way as a standard five-
hole probe. 
  
4.2.2 General Five-Hole Probe Data Reduction 
A five-hole probe is a pressure probe with five independent pressure ports on a typically 
conical or hemispherical tip. Figure 4.2 shows a picture of a 5HP and the hole numbering 
convention that will be used in this dissertation. For a given probe in an arbitrary flowfield, the 
pressures at each of the five ports depends on the local static pressure 𝑃𝑠, the total velocity 
magnitude 𝑉𝑡 and the pitch (𝛼) and yaw (𝛽) angles. Figure 4.3 shows the coordinate system and 
defines the flow angles used in processing 5HP data.. Note that in Fig. 4.3, 𝜃 and 𝜙 represent the 
cone and roll angles, respectively. The cone and roll angles are only relevant during the 5HP 
calibration procedure which is discussed in Section 4.2.4. 
The basic premise of the 5HP is to create a relationship between the five measured 
pressures and the relevant flow variables. Treaster and Yocum
48
 developed this relationship by 
first defining the following non-dimensional pressure coefficients. 
 𝐶𝛼 =
𝑃4−𝑃5
𝑃1−𝑃𝑎𝑣𝑔
   Eq. 4.6 
 𝐶𝛽 =
𝑃2−𝑃3
𝑃1−𝑃𝑎𝑣𝑔
  Eq. 4.7 
 𝐶𝑃𝑡 =
𝑃1−𝑃𝑡𝑜𝑡𝑎𝑙
𝑃1−𝑃𝑎𝑣𝑔
   Eq. 4.8 
 
𝐶𝑃𝑠 =
𝑃𝑎𝑣𝑔−𝑃𝑠𝑡𝑎𝑡𝑖𝑐
𝑃1−𝑃𝑎𝑣𝑔
  Eq. 4.9 
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Where 𝐶𝛼, 𝐶𝛽, 𝐶𝑃𝑡 and 𝐶𝑃𝑠 are the pitch coefficient, yaw coefficient, total pressure calibration 
coefficient and the static pressure calibration coefficient, respectively. 𝑃𝑎𝑣𝑔 is the average of  the 
outer ports numbered 2-5. The coefficients defined by Eqs. 4.6 to 4.9 are frequently used with 
5HPs because they are sensitive to the flow angularity but relatively insensitive to the magnitude 
of the velocity.
49
  
In order to make use of the coefficients defined above it is first necessary to calibrate the 
probe. Five-hole probe calibration is carried out by placing the probe at a series of angles relative 
to a uniform stream at a known velocity and static pressure. The calibration data can then be used 
to construct the following relationships.  
 𝛼 = 𝑓𝛼(𝐶𝛼 , 𝐶𝛽)   Eq. 4.10 
 𝛽 = 𝑓𝛽(𝐶𝛼 , 𝐶𝛽)  Eq. 4.11 
 𝐶𝑃𝑡 = 𝑓𝐶𝑃𝑡(𝐶𝛼 , 𝐶𝛽)   Eq. 4.12 
 𝐶𝑃𝑠 = 𝑓𝐶𝑃𝑠(𝐶𝛼 , 𝐶𝛽)  Eq. 4.13 
When the probe is used in an unknown flowfield the five measured pressures are used to 
calculate the pitch and yaw coefficients, Eq. 4.6 and Eq. 4.7, respectively. Then the calibration 
dataset is used to determine 𝛼, 𝛽, 𝐶𝑃𝑡 and 𝐶𝑃𝑠 using either a least-squares curve fit or 
interpolation. The local total and static pressure are then determined by rearranging Eqs. 4.8 and 
4.9.  
 𝑃𝑡 = 𝑃1 − 𝐶𝑃𝑡(𝐶𝛼 , 𝐶𝛽)[𝑃1 − 𝑃𝑎𝑣𝑔]    Eq. 4.14 
 𝑃𝑠 = 𝑃𝑎𝑣𝑔 − 𝐶𝑃𝑠(𝐶𝛼 , 𝐶𝛽)[𝑃1 − 𝑃𝑎𝑣𝑔]    Eq. 4.15 
The total velocity magnitude 𝑉𝑡 can then be determined using Bernoulli’s equation and the 
velocity components can be determined based on the geometry in Fig. 4.3. 
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𝑉𝑡 =  √
2
𝜌⁄ (𝑃𝑡 − 𝑃𝑠)   Eq. 4.16 
 𝑈 = 𝑉𝑡 cos(𝛼) cos(𝛽)  Eq. 4.17 
 𝑉 = 𝑉𝑡 sin(𝛽)   Eq. 4.18 
 𝑊 = 𝑉𝑡 sin(𝛼) cos(𝛽)  Eq. 4.19 
   
4.2.3 Sectoring for High Flow Angularity 
The majority of multi-hole probe studies utilize the basic approach of defining non-
dimensional pressure coefficients and creating a relationship between these coefficients and the 
flow through a calibration dataset. A weakness of the coefficients defined by Eqs. 4.6 through 
4.9 is that they are only useful over an angular range of approximately ±30°. This limitation is 
due to the behavior of the denominator in the coefficients, 𝑃1 − 𝑃𝑎𝑣𝑔. As the flow angularity 
increases the denominator approaches and eventually reaches zero resulting in a singularity.
50,51
 
This problem can be avoided by using different definitions of the coefficients depending on the 
current flow angle. This approach, known as “sectoring” and is commonly used for seven-hole 
probes but has also been adapted for five-hole probes.
49
  
The method that will be used in this dissertation was developed by Paul et al.
51
 The 
calibration dataset is divided into five sectors based on which port measures the highest pressure. 
In Sector 1, the low angle definitions given by Eqs. 4.6 through 4.9 are used. For the high angle 
sectors new coefficients are used and the port opposite the port with maximum pressure is 
excluded from the coefficients. For example, if port 2 measures the highest pressure than port 3, 
see is excluded and the following definitions are used.  
 𝑃𝑎𝑣𝑔,2 =
1
3
(𝑃1 + 𝑃4 + 𝑃5)    Eq. 4.20 
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 𝐶𝛼,2 =
𝑃4−𝑃5
𝑃2−𝑃𝑎𝑣𝑔,2
   Eq. 4.21 
 𝐶𝛽,2 =
𝑃2−𝑃1
𝑃2−𝑃𝑎𝑣𝑔,2
  Eq. 4.22 
 𝐶𝑃𝑡,2 =
𝑃2−𝑃𝑡
𝑃2−𝑃𝑎𝑣𝑔,2
   Eq. 4.23 
 
𝐶𝑃𝑠,2 =
𝑃𝑎𝑣𝑔,2−𝑃𝑠
𝑃2−𝑃𝑎𝑣𝑔,2
  Eq. 4.24 
Similar coefficients are also defined for sectors 3, 4 and 5. Excluding the port furthest from the 
stagnation point ensures that the measurements will not be influenced by flow separation over 
the far port, and the new denominator removes the singularity from the coefficients. When 
sectoring techniques are used, a five-hole probe can be used to accurately measure the flow up to 
angles of approximately ±65°. 
 
4.2.4 Five-Hole Probe Calibration  
This section discusses the setup and process for calibrating a five-hole probe. The 
descriptions provided in this section are applicable to both the standard and fast-response five-
hole probes used in this study. In a few instances, example data from the FR5HP will be 
provided for explanatory purposes but the discussion is equally applicable to the standard probe. 
Sections 4.2.7 and 4.2.8 will provide specific details related to data acquisition and processing of 
the standard and fast-response probes, respectively. 
The five-hole probe calibration procedure consists of setting the probe at a series of 
known pitch and yaw angles (𝛼, 𝛽) in a steady laminar flow and recording the five port pressures 
(𝑃1−5). Five-hole probe calibrations were conducted in the 3x4 Low Speed Wind Tunnel 
described in Section 4.1. Figure 4.3 defines the coordinate system, flow angles and velocity 
components relative to the 5HP, and this system was used for the calibration and data processing. 
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As can be seen in the figure, the angle of the probe relative to the flow can be described in terms 
of the pitch-yaw system (𝛼, 𝛽) or the cone-roll system (𝜃, 𝜙) through the following 
relationships.  
 tan(𝛼) = tan(𝜃) sin(𝜙)   Eq. 4.25 
 sin(𝛽) = sin(𝜃) cos(𝜙)  Eq. 4.26 
These equations are important because within the wind tunnel it is simpler to control the cone 
and roll angles as opposed to the pitch and yaw angles. Figure 4.4 shows an image of the fast-
response five-hole probe used in this study mounted in the calibration setup within the wind 
tunnel. The setup consisted of a 1.50-in. diameter post mounted to the turntable that was flush 
with the tunnel floor. With this post the probe tip was 10.5-in. above the tunnel floor. The 
turntable was able to rotate to an arbitrary angle within ±0.1° and was used to control the cone 
angle (𝜃) of the probe. A manual rotation stage was mounted to the top of this post and oriented 
so that the axis of rotation was parallel to the tunnel floor. This rotation stage was manually 
adjusted to control the roll angle (𝜙) of the probe with an accuracy of approximately ±0.1°. The 
component labeled “extension arm” was designed to mount the probe to the manual rotation 
stage so that the axis of rotation coincided with the axis of the probe. An additional purpose of 
this extension arm was to increase the distance between the probe tip and support structure to 
reduce any upstream interference effects. The probe tip was 16.5-in. from the center of the 
mounting post which placed the probe tip directly above the center of the turntable. By 
positioning the probe over the center of the turntable the probe tip remained in the same location 
within the tunnel as the cone and roll angles were adjusted minimizing any potential effect of 
tunnel flow non-uniformity. With this setup probe calibration data were acquired using the 
following procedure.  
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1. Set the tunnel speed to achieve the desired Reynolds number using the probe tip 
diameter as the relevant length scale in Eq. 4.1. 
2. Sweep the probe through all desired values of the cone angle 𝜃. 
3. Manually adjust roll angle 𝜙. 
4. Repeat 
This calibration process must be repeated until the desired angular range is covered and it 
is not uncommon for a calibration dataset to contain on the order of 1000 points or more. Figure 
4.5 shows the distribution of the calibration points in the pitch-yaw coordinate system for the 
fast-response five-hole probe, the probe was calibrated for a maximum angle of ±66.0 degrees. It 
should be noted for future reference that this is not an ideal distribution of calibration points. 
This set of calibration points was acquired by using constant stepsizes of 3.0° for the cone angle 
(𝜃) and 9.0° for the roll angle (𝜙).  It can clearly be seen in Fig. 4.5 that an even distribution in 
(𝜃, 𝜙) space does not result in an even distribution in (𝛼, 𝛽) space and results in large gaps 
between data points for large values of 𝛽. Additional data points to fill in these gaps. Figure 5.5 
shows the improved calibration data distribution which contained 984 data points.  
 
4.2.5 Application of Five-Hole Probe Calibration  
The previous section discussed the experimental setup and procedure for acquiring 
calibration data for the five-hole probes used in this research. This section explains the specific 
steps in applying the calibration data to a set of five measured port pressures, from an unknown 
flow, to determine the total pressure, static pressure and velocity components. This discussion 
will assume that the port pressures have already been properly measured so that this process is 
generally applicable to any five-hole probe. When using a standard five-hole probe this process 
applies to the time-averaged pressures while for a fast-response probe this process is applied to 
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the instantaneous pressures. Subsequent sections will describe the specific data acquisition 
processes for each of the probes used in this research. 
Once the port pressures are measured the first step is to calculate the pitch and yaw 
pressure coefficients (𝐶𝛼, 𝐶𝛽). These coefficients were introduced in Section 4.2.2 and in Section 
4.2.3 the concept of sectoring was introduced. In order to maximize the useful angular range of a 
multi-hole probe it is common practice to divide the calibration data into sectors based on which 
port measures the maximum pressure. If the central port (1), Fig. 4.2, measures the maximum 
pressure then the Sector 1 definitions of 𝐶𝛼 and 𝐶𝛽 are used, but if an outer port measures the 
maximum pressure then the definition of the coefficients corresponding to that sector are used. 
Figure 4.7 shows the calibration data points of the FR5HP divided into the different sectors.  
Recall from Section 4.2.2 that the calibration data is used to form the relationships 
defined in Eqs. 4.10 to 4.13 which are repeated here but with an additional generalization to an 
arbitrary sector 𝑗. 
 𝛼 = 𝑓𝛼,𝑗(𝐶𝛼,𝑗 , 𝐶𝛽,𝑗)   Eq. 4.27 
 𝛽 = 𝑓𝛽,𝑗(𝐶𝛼,𝑗 , 𝐶𝛽,𝑗)  Eq. 4.28 
 𝐶𝑃𝑡,𝑗 = 𝑓𝐶𝑃𝑡,𝑗(𝐶𝛼 , 𝐶𝛽)   Eq. 4.29 
 𝐶𝑃𝑠,𝑗 = 𝑓𝐶𝑃𝑠,𝑗(𝐶𝛼,𝑗 , 𝐶𝛽,𝑗)  Eq. 4.30 
𝛼 and 𝛽 are the pitch and yaw angles of the flow, respectively, and 𝐶𝑃𝑡,𝑗 and 𝐶𝑃𝑠,𝑗 are the total 
pressure calibration coefficient and the static pressure calibration coefficient, respectively, using 
the definitions appropriate for sector 𝑗.  
These relationships could be formed by applying a regression analysis to the calibration 
data but for this research an interpolation method was used. The pitch and yaw coefficients are 
based on measured pressures and due to slight deviations in the shape of the probe tip due to 
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manufacturing tolerances these coefficients will generally not be uniformly spaced regardless of 
the distribution calibration points. As an example, Fig. 4.8 shows the distribution of 𝐶𝛼 and 𝐶𝛽 
for Sector 2 of the FR5HP and the non-uniform distribution is clear. MATLAB’s built in 
function scatteredInterpolant creates an interpolant function specifically for scattered data. The 
calibration data was divided into the five sectors and the coefficients 𝐶𝛼, 𝐶𝛽, 𝐶𝑃𝑡 and 𝐶𝑃𝑠 were 
calculated using the definitions corresponding to the appropriate sectors and the interpolant 
functions were generated using Matlab’s scatteredInterpolant. These functions could then later be 
called to perform a linear interpolation within the calibration dataset to determine 𝛼, 𝛽, 𝐶𝑃𝑡,𝑗 and 
𝐶𝑃𝑠,𝑗 of the unknown flowfield. Then the total and static pressure were then determined by 
rearranging the equations for 𝐶𝑃𝑡,𝑗 and 𝐶𝑃𝑠,𝑗 using the definitions appropriate for the given 
sector.  
Referring to Fig. 4.7, a problem can occur when using Matlab’s scatteredInterpolant 
function if the measured 𝐶𝛼 and 𝐶𝛽 falls on the boundary between two sectors because this would 
require extrapolation rather than interpolation. Recall from Section 4.2.3  that sectoring must be 
used because at high angles the denominators of 𝐶𝛼,1 and 𝐶𝛽,1, see Eq. 4.6 and Eq. 4.7, approach 
zero. Fortunately, the angles at which 𝐶𝛼,𝑗 and 𝐶𝛽,𝑗 begin to behave poorly are typically far from 
any boundary between sector 𝑗 and all adjacent sectors. Crawford and Birk52 showed that the 
calibration points near the boundary between any two arbitrary sectors could be included in the 
interpolant function, using Matlab’s scatteredInterpolant, of both sectors without loss of 
accuracy.  
They then defined an overlap pressure that controlled whether or not a calibration point 
could be used in multiple sectors when generating the interpolant functions. The overlap pressure 
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was defined to be a fraction  (𝜀) of the dynamic pressure. An arbitrary calibration point was 
included in sector 𝑗 if:  
 𝑃𝑗 + 𝜀𝑞∞  ≥  𝑃𝑖   𝑤ℎ𝑒𝑟𝑒 𝑖 = 1 − 5,   𝑖 ≠ 𝑗 Eq. 4.31 
In other words, if the pressure measured by port 𝑗 plus the overlap pressure was greater than the 
other four ports then the point was included in sector 𝑗. With a properly selected value of 𝜀 points 
near the boundary of a given sector can be included in both sectors when forming the 
interpolants. Crawford and Birk showed that 𝜀 of approximately 0.1 to 0.15 was sufficient. In 
this research 𝜀 was set to 0.1. Now when measurements are acquired in an unknown flowfield 
the sector is selected based on which port registers the highest pressure. 𝐶𝛼,𝑗 and 𝐶𝛽,𝑗 are then 
calculated and the appropriate interpolant function is called. The flow angles, total pressure, 
static pressure and velocity components can then be determined using the remaining steps 
described in Section 4.2.2 
 
4.2.6 Summary of Five-Hole Probe Data Reduction 
The basic steps involved in processing five-hole probe measurements are as follows: 
1. Measure the five pressures (𝑃1−5). 
2. Select the proper sector based on which port measures the maximum pressure. 
3. Calculate 𝐶𝛼 and 𝐶𝛽 using the definitions corresponding to the correct sector.  
4. Using the calibration data determine 𝛼, 𝛽, 𝐶𝑃𝑡 and 𝐶𝑃𝑠 using either a least-squares 
curve fit or interpolation. 
5. Calculate the total and static pressure. 
6. Calculate the velocity components.  
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It should be noted that the basic data reduction process described above can be generalized to a 
multi-hole probe with an arbitrary number of holes.
49
 
 
4.2.7 Standard Five-Hole Probe Data Acquisition  
The standard five-hole probe used in this research was an Aeroprobe Corp. model PS5-
C318-152. Figure 4.9 shows an image and schematic of the standard five-hole probe. The probe 
tip was conical with a base diameter of 0.125-in. and was 6.0-in. long. The probe contained a 
single port in the center and four evenly spaced peripheral ports, see Fig. 4.2 for the port 
numbering convention. Each of the five pressure ports on the probe were connected through 
individual urethane pressure lines to ports on a Miniature Electronically Scanned Pressure (ESP) 
module which was then read by a Pressure System’s DTC Initium differential-pressure system. 
The ESP module contained 32 ports with a maximum pressure range of ±0.361 psi. All ports 
were referenced to the tunnel freestream static pressure measured at the entrance to the test 
section. The DTC Initium sampled the 32 channels in sequence at a rate of 650 Hz per channel 
and the measurement of each port was digitally compensated for drifts in temperature. Due to 
long length of the urethane pressure lines between the probe and the ESP modules only time-
averaged measurements of pressure could be acquired.  
 
4.2.8 Fast-Response Five-Hole Probe Data Acquisition and Processing 
In order to accurately quantify the effects of turbulence on a standard five-hole probe it is 
necessary to acquire accurate measurements of the total and static pressure in a turbulent flow 
and this will be accomplished using a fast-response five-hole probe. A FR5HP provides 
measurements of the instantaneous pressure at each of the five pressure ports. These five 
pressures can be processed using the method outlined in Section 4.2.2 but a few additional 
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factors must be accounted for. This section will provide details regarding the fast-response probe 
used in this dissertation and the data acquisition and processing steps that were used.  
 
4.2.8.1 Fast-Response Five-Hole Probe Data Acquisition  
A fast-response five-hole probe from Aeroprobe Corp., model P-E05C02S-SX-S, was 
used for this study. Figure 4.9 shows an image and schematic of the fast-response five-hole 
probe. The probe had a hemispherical tip geometry with a diameter of 0.094-in. and a length of 
9.5-in. Unlike a standard five-hole probe the fast-response probe had five high-frequency 
response pressure transducers embedded near the tip of the probe, approximately 1.5-in. 
downstream from the probe tip. The transducers had a maximum range of ±1.0 psi. The quoted 
maximum frequency response of this fast-response probe was 3.7 kHz. Voltages from the five 
pressure transducers were acquired using a National Instruments SCXI system which is capable 
of simultaneously acquiring and conditioning measurements from up to 48 separate channels 
using simultaneous sample and hold. Signal conditioning included applying a gain of 5 to the 
voltages and then passing the signals through a low-pass 8th order Bessel filter with a cutoff 
frequency of 3 kHz. The voltages from the five transducers were sampled at a rate of 10 kHz for 
10 seconds. Each transducer was referenced to the tunnel freestream static pressure measured 
upstream of the model. A calibration for each transducer was supplied by Aeroprobe and was 
used to convert the measured voltages to pressures. 
 
4.2.8.2 Fast-Response Five-Hole Probe Distortion Correction 
A FR5HP is capable of a high frequency response because the pressure transducers are 
mounted near the tip of the probe. The maximum frequency response would be obtained by 
placing the transducer flush with the surface of the probe tip. Unfortunately, this would require a 
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large probe tip reducing the spatial resolution of the probe. A compromise is achieved by placing 
the transducers a short distance away from the probe tip and connecting the transducer to the tip 
through a short length of metal tubing. Even a short length of small diameter tubing can have an 
effect on the pressure sensed by the transducer as significant attenuation or amplification and 
phase lag may occur between the probe tip and transducer.
53
 This problem has been extensively 
studied theoretically and experimentally.  
Bergh and Tijdeman
54
 derived an analytical transfer function that accurately models the 
distortion of the pressure signal from the probe tip to the transducer. The distortion is a function 
of the tube length and diameter, the volume of the transducer, the properties of the fluid in the 
tube and the frequency of the pressure fluctuations. With the tubing geometry of common 
FR5HPs, the distortion can result in significant attenuation of the pressure signal but also 
typically exhibits one or more resonant frequencies at which the pressure signal is amplified. If 
the internal geometry of the tubing and transducer system is accurately known, the expression 
derived by Bergh and Tijdeman
54
 can be used to correct the measured pressure for the distortion. 
Johansen et al.
53
 used Bergh and Tijdeman’s54 analytical result to estimate the influence of 
uncertainty in the tubing geometry. They demonstrated that with the level of uncertainty 
common in the tubing geometry of FR5HP probes, which may only be on the order of ±0.01 to 
±0.1 mm, leads to unacceptable errors in the transfer function necessitating a method of 
experimentally determining the transfer function for a given probe.  
Johansen et al.
53
 determined the experimental transfer function by placing the FR5HP 
near a loud speak driven by a function generator. A reference pressure signal was acquired by 
placing a microphone near the FR5HP. The pressure attenuation was determined by the ratio of 
the FR5HP measured pressure to the microphone measurement, and the phase lag was 
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determined by the lag of the FR5HP relative to the microphone. The attenuation and phase lag 
were determined as a function of frequency of a sinusoid pressure wave generated by the loud 
speaker. Once the transfer function was known the following process was used to correct the 
measured pressures for distortion. Let 𝑃𝑚 and 𝑃𝑐𝑜𝑟 represent the distorted measured pressure and 
the corrected pressure, respectively. Then define ?̃?𝑚 and ?̃?𝑐𝑜𝑟 as the Fast Fourier Transforms 
(FFT) of 𝑃𝑚 and 𝑃𝑐𝑜𝑟, respectively. The distorted and corrected pressures are related by the 
transfer function (TF) which is a function of frequency (𝑓)  and can be expressed using complex 
notation.  
 ?̃?𝑚
?̃?𝑐𝑜𝑟
=  𝑇𝐹 =  ?̃?𝑟𝑎𝑡𝑖𝑜(𝑓)𝑒
𝑖𝜙(𝑓) Eq. 4.32 
Where ?̃?𝑟𝑎𝑡𝑖𝑜 represents the magnitude of the FFT of the experimentally determined transfer 
function and represents the pressure attenuation, and 𝜙(𝑓) is the argument of the FFT of the 
transfer function and represents the phase lag. The magnitude of ?̃?𝑐𝑜𝑟 can be determined by:  
 
| ?̃?𝑐𝑜𝑟| =  
| ?̃?𝑚|
?̃?𝑟𝑎𝑡𝑖𝑜(𝑓)
 Eq. 4.33 
Where | ?̃?𝑚| represents the magnitude of the FFT. The phase of ?̃?𝑐𝑜𝑟 is given by: 
 𝑎𝑟𝑔( ?̃?𝑐𝑜𝑟) =  𝜃𝑐𝑜𝑟 =  𝜃𝑚 −  𝜙(𝑓) Eq. 4.34 
The operator “arg” represents the argument of the given variable. 𝜃𝑐𝑜𝑟 and 𝜃𝑚 are the phases of 
the corrected pressure and measured pressure, respectively. The corrected pressure is determined 
by combing the magnitude and phase information.  
 ?̃?𝑐𝑜𝑟 = | ?̃?𝑐𝑜𝑟| ∙ 𝑒
𝑖𝜃𝑐𝑜𝑟  Eq. 4.35 
The inverse FFT of Eq. 4.35 results in the corrected pressure. 
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 After an experiment, the time history of pressure measured be each of the five ports was 
corrected for distortion. The experimentally generated transfer function was supplied by 
Aeroprobe and the pressure measurements for each transducer were corrected for distortion using 
Aeroprobe’s Acoustic Recovery Software.55 Figure 4.11 shows the experimental data used to 
create the transfer function for port 1 of the FR5HP. The pressure ratio in Fig. 4.11a shows a 
resonant peak centered at approximately 1200 Hz where the pressure is amplified by a factor of 
approximately 5.6, and Fig. 4.11b shows that the distorted signal lags behind the correct signal. 
The reason for this is that it takes a finite amount of time for the pressure signal to travel from 
the pressure port to the transducer so that the measured signal lags the true pressure fluctuation. 
Figure 4.12 compares a portion of the time history of the pressure measured by port 1 in a 
turbulent flow before and after application of the distortion correction. It can be seen throughout 
the entire portion of the time history that the distorted signal contained larger peaks and 
generally lagged slightly behind the corrected signal. It is also interesting to note that there is a 
strong periodic contribution to this signal and the frequency of the periodic portion of the signal 
increases significantly during the second half of the time history shown, and the amplification of 
the pressure signal is significantly larger during the second half of the time history. 
    
4.2.8.3 Fast-Response Five-Hole Probe Total Pressure Correction in Turbulent Flows 
The FR5HP requires a correction to the total pressure to account for turbulent 
fluctuations. If the length scale of the turbulence is larger than the probe tip, then at each instant 
the probe can be treated as if it were in a steady laminar flow and the steady calibration discussed 
above can be applied. It can then be assumed that the FR5HP measures the correct instantaneous 
total and static pressure as well as the instantaneous total velocity.  
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 𝑃𝑡(𝑡)  =  𝑃𝑠(𝑡) +
1
2
𝜌(𝑈2(𝑡) + 𝑉2(𝑡) + 𝑊2(𝑡)) Eq. 4.36 
Using the conventional Reynolds decomposition, the instantaneous velocities U, V and W can be 
written in terms of the time averaged and fluctuating components.  
 
 𝑃𝑡(𝑡) = 𝑃𝑠(𝑡) +
1
2
𝜌 ((?̅? + 𝑢′(𝑡))
2
+ (?̅? + 𝑣′(𝑡))
2
+ (?̅? + 𝑤′(𝑡))
2
) Eq. 4.37 
Time averaging the instantaneous total pressure, measured by the FR5HP, will result in a total 
pressure that is biased to a higher value due to the nonlinear relationship between total pressure 
and velocity.  
 
 𝑃𝑡,𝑚̅̅ ̅̅ ̅̅  =  𝑃?̅? +
1
2
𝜌(?̅?2 + ?̅?2 + ?̅?2) + 
1
2
𝜌(𝑢′2̅̅ ̅̅ + 𝑣′2̅̅ ̅̅ + 𝑤′2̅̅ ̅̅̅ ) Eq. 4.38 
The subscript “m” indicates the measured and uncorrected quantity. It should be pointed out that 
average total pressure measured by the FR5HP is equivalent to the total pressure measured by a 
chamfered Pitot probe, see Eq. 2.6. The average total pressure measured by the FR5HP or the 
chamfered Pitot probe can be corrected if the turbulent dynamic pressure 𝑞′̅, Eq. 2.8, is known. 
Recall that the FR5HP measures the correct instantaneous total velocity and flow angle which 
implies that probe measures the correct instantaneous components of the velocity vector. 
Therefore, when the instantaneous velocity components are time averaged, the correct values for 
?̅?, ?̅?and ?̅? are obtained as well as the correct turbulent fluctuations. The measurements of the 
turbulent fluctuations from the FR5HP can then be used to correct the total pressure.  
 
 𝑃𝑡,𝑐̅̅ ̅̅ ̅  =   𝑃𝑡,𝑚̅̅ ̅̅ ̅̅ −
1
2
 𝜌( 𝑢′2̅̅ ̅̅ + 𝑣′2̅̅ ̅̅ + 𝑤′2̅̅ ̅̅̅) Eq. 4.39 
Where  𝑃𝑡,𝑐̅̅ ̅̅ ̅ is the correct time-average total pressure defined in Eq. 2.4 and repeated here. 
 
 𝑃𝑡,𝑐̅̅ ̅̅ ̅  =  𝑃?̅? +
1
2
 𝜌(?̅?2 + ?̅?2 + ?̅?2) Eq. 4.40 
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4.2.8.4 Summary of Processing Fast-Response Five-Hole Probe Data 
The steps for processing the fast-response five-hole probe data can be summarized with 
the following steps. 
1. Acquire time history of voltages from each port. 
2. Apply the voltage to pressure conversion using the pressure transducer calibrations 
supplied by Aeroprobe Corp. 
3. Apply the distortion correction to each port using Aeroprobe’s Acoustic Recovery 
Software
55
 which implements the process described in Section 4.2.8.2. This process 
provides corrected time histories of the port pressures 𝑃1−5(𝑡). 
4. For each instant in time apply the five-hole probe calibration process described in 
Section 4.2.2  to determine  𝑃𝑡(𝑡), 𝑃𝑠(𝑡), 𝑈(𝑡), 𝑉(𝑡) and 𝑊(𝑡). 
5. Calculate the time-averaged total pressure, static pressure, velocity components and 
any desired turbulence statistics. In addition to calculating 𝑢′2̅̅ ̅̅ , 𝑣′2̅̅ ̅̅  and 𝑤′2̅̅ ̅̅̅ the 
FR5HP measurements can be used to calculate the remaining quantities of the 
Reynolds Stress Tensor
56
 as well as correlations of velocity and pressure fluctuations. 
6. Correct the time-averaged total pressure using the method described in Section 
4.2.8.3. 
 
4.2.8.5 Processing a Fast-Response Probe as a Standard Probe 
The measurements of a fast-response five-hole probe are an important aspect of this 
dissertation because they allow for accurate measurements of the total and static pressure, but 
these measurements also provide an additional opportunity to study the effects of turbulence 
contaminating the port pressure measurements of a standard five-hole probe. This can be done by 
processing the measurements of a FR5HP as if it were a Std5HP. Recall that the relevant 
 73  
 
difference between a FR5HP and a Std5HP is where the averaging occurs. With a Std5HP the 
port pressures are pneumatically averaged prior to being measured, whereas with a FR5HP the 
averaging occurs in post processing after the instantaneous flow quantities have been measured. 
If the FR5HP measured time history of port pressures is first averaged prior to applying the 
probe calibration then the FR5HP data can be processed as if it were a Std5HP. The relevant 
steps are as follows: 
1. Acquire time history of voltages from each port. 
2. Apply the voltage to pressure conversion using the pressure transducer calibrations 
supplied by Aeroprobe Corp. 
3. Apply the distortion correction to each port using Aeroprobe’s Acoustic Recovery 
Software
55
 which implements the process described in Section 4.2.8.2. This process 
provides corrected time histories of the port pressures 𝑃1−5(𝑡). 
4. Calculate time-average port pressures 𝑃1−5̅̅ ̅̅ ̅̅ . This step simulates the pneumatic 
averaging effect of the urethane pressure lines on the standard five-hole probe. 
5. Process the averaged port pressures using apply the five-hole probe calibration 
process described in Section 4.2.2.  
The results produced from this procedure will contain errors due to the turbulent velocity 
fluctuations contaminating the measured pressure at each port. The method will prove useful 
because isolates the effects of turbulence on the port pressures measured by a Std5HP. 
 
4.3 Wake Survey Experimental Setups 
Several experiments were carried out within the UIUC 3-ft x 4-ft Low Speed Wind 
Tunnel described in Section 4.1 in order to assess the effects of turbulence on the measurements 
of five-hole probes. In the first set of experiments measurements were acquired in the wake of a 
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2D circular cylinder using the fast-response five-hole probe, the standard five-hole probe and 
Particle Imaging Velocimetry (PIV). These measurements are used to assess the accuracy of the 
FR5HP, quantify the effects of turbulence on the Std5HP and the effects of turbulence on the 
determination of drag from wake measurements. The second and third sets of experiments use 
3D circular cylinders to generate turbulent wakes. A 3D cylinder has a free end in the wind 
tunnel and therefore generates a time-averaged 3D flowfield. The first 3D cylinder experiment 
places the 5HP at a fixed point within the turbulent wake but allows the angle of the probe to be 
altered. These results are used to study the effects of time-averaged flow angularity on the 
turbulence-induced errors. The second sect of 3D cylinder experiments are conventional wake 
surveys used to assess the turbulence-induced errors on the measurements and the determination 
of drag in a 3D flow. The remainder of this section provides the details of these experimental 
setups including the cylinder geometry and how the data were acquired.  
All of the experiments discussed below were performed at a Reynolds number of 7050 
based on the diameter of the FR5HP tip. This value was selected to match the Reynolds number 
at which the probe was calibrated.  
 
4.3.1 2D Cylinder Wake Surveys  
The 2D cylinder wake was selected because of its simple geometry and it is a well-
studied flowfield with high turbulence levels. In addition, the effects of turbulence on the 5HP in 
the cylinder wake can be compared to the results of Lu and Bragg
14
 and Lu
24
 who used the same 
flowfield to study the effects of turbulence on Pitot probes. Two-dimensional wake profiles were 
acquired using the fast-response five-hole probe, the standard five-hole probe and Particle 
Imaging Velocimetry (PIV). This section first describes the cylinder and how it was mounted in 
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the tunnel, and then provides a description of the five-hole probe measurements and the PIV 
setup and data processing.  
 
4.3.1.1 2D Cylinder Model 
The cylinder had a diameter of 1.0-in. and spanned the 2.8-ft height of the wind tunnel. In 
order to obtain measurements over a range of turbulence levels it was necessary to have the 
ability to acquire measurements at various downstream locations from the cylinder. Adjusting 
the cylinder location was accomplished by first mounting aluminum baseplates with a repeating 
bolt hole pattern to the floor and ceiling of the tunnel near the upstream edge of the turntable. 
These baseplates had holes threaded for ¼-20 bolts spaced at 1.0-in. intervals. Figures 4.13 and 
4.14 show the cylinder mounted to the floor and ceiling base plates, respectively. With this setup 
the downstream location of wake survey plane was altered by moving the cylinder along the 
baseplates. It was also possible to move the cylinder perpendicular to the freestream direction 
which was necessary for the PIV experiments as explained below in Section 4.3.1.4. 
Measurements were acquired using both 5HPs and PIV at distances of 5, 10 and 20 diameters 
downstream from the center of the cylinder and at a Reynolds number of 75x10
3
 based on the 
cylinder diameter (7050 based on tip diameter of FR5HP). The experimental setups for the 5HP 
and PIV wake measurements are described next.  
 
4.3.1.2 Fast-Response Five-Hole Probe 2D Cylinder Wake Surveys 
The fast-response five-hole probe described in Section 4.2.8 was used to acquire 
measurements of the time-average pressure and velocity, as well as turbulence statistics, in the 
wake of the cylinder. The cylinder in these experiments was mounted further upstream than is 
typical in the UIUC wind tunnel and as a result the normal traverse system, see Diebold
57
 and 
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Section 4.3.3.2, was not used for these experiments. Instead a Zaber Technologies Inc. model T-
LSR300B linear traverse was mounted under the turntable, see Fig. 4.15. In order to mount the 
probe to this traverse an aluminum plate called the “Probe Mounting Post Plate” was mounted to 
the Zaber traverse and this plate was attached to a support rail for additional support, see Fig. 
4.16. The “Probe Mounting Post Plate” had a bolt hole pattern for ¼-20 bolts spaced at 1.0-in. 
intervals, and an 18.0-in. tall steel post with a 1.5-in. diameter was mounted to “Probe Mounting 
Post Plate”. The FR5HP was mounted to the top of this post so that the probe tip was aligned with 
the vertical center of wind tunnel and the cylinder. Figure 4.17 provides a view of the probe 
within the tunnel. Note that in Fig. 4.17 a large perforated plate can be seen upstream of the 
probe. The results from this plate are not presented in this dissertation but Fig. 4.17 demonstrates 
how the probe was mounted in the tunnel. The steel mounting post was outfitted with a simple 
fairing constructed from balsa wood, shown in Fig. 4.17, to reduce flow-induced vibrations. The 
distance between the cylinder and the survey location was adjusted by moving the cylinder, as 
explained in Section 4.3.1.1 rather than moving the probe. 
The FR5HP 2D cylinder wake surveys were conducted using a stepsize of 0.1-in. Slightly 
over half of the wake was surveyed in order to reduce the amount of time required. The surveys 
covered a physical distance of approximately 4 to 6 inches. At each point the five high-frequency 
pressure transducer signals were sampled at a rate of 10 kHz for 10 seconds after passing through 
a low-pass 8th order Bessel filter with a cutoff frequency of 3 kHz. Each point in the time history 
was processed using the 5HP data reduction method outlined in Section 4.2. In addition, the 
FR5HP measurements were also processed as a Std5HP by first time averaging the port pressures 
and using the procedure described in Section 4.2.8.5.  
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4.3.1.3 Standard Five-Hole Probe 2D Cylinder Wake Surveys 
The Std5HP described in Section 4.2.7 was used to survey the wake of the 2D cylinder. 
The Std5HP was mounted to the same setup as the FR5HP, see Fig. 4.17, but with a different 
probe holder due to the differences in geometry. The Std5HP was traversed throughout the wake 
with a stepsize of 0.125-in.  
 
4.3.1.4 PIV 2D Cylinder Wake Surveys 
Finally, the cylinder wake was also surveyed using PIV. The PIV experiments utilized a 
single PCO-1600 CCD camera using a lens with a focal length of approximately 135 mm and an 
f# of 5.6. The field-of-view was approximately 1.125-in. in the freestream direction and 
approximately 1.5-in. in the transverse direction. The 1.125 x 1.5-in. field-of-view corresponded 
to 1200 x 1600 pixels resulting in a resolution of approximately 9.375x10
-4
 in/pixel. The camera 
was placed so that the center of the field-of-view, in the streamwise direction, corresponded to 
the streamwise location of the 5HP. As with the 5HP surveys, the streamwise location of the 
measurement plane was adjusted by moving the cylinder rather than the PIV camera and laser.  
The flow was seeded using a Corona Vicout 1300 Smoke Generator which generated 
particles with a mean diameter of 0.2-0.3 μm. Illumination was provided by a New Wave Gemini 
Solo 120 Nd:YAG laser. The laser was passed through sheet forming optics which consisted of a 
500 mm spherical lens and a -75 mm cylindrical lens. The laser sheet was approximately 1.0 mm 
thick at the measurement region. Timing of the laser and camera was controlled with a Quantum 
Composers Model 9518 Pulse Generator. Time delays between image pairs were selected to 
ensure average particle displacements of at least 4 pixels based on the expected averaged 
velocity range within the field-of-view. For each condition 2040 image pairs were acquired. 
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All results were processed using LaVision’s DaVis 8.1.0. All results to be presented below 
were processed in the same manner. The final vector field consisted of 16-pixel x 16-pixel 
windows with 50% overlap. This corresponded to a spacing of 0.0076-in. between vectors. Note 
that this spacing is smaller than the FR5HP probe tip diameter by a factor 12.4.  Each image was 
preprocessed by subtracting a sliding background and applying intensity normalization. The 
particle displacement processing began with 3 passes with windows of 64 x 64 pixels with 50% 
overlap and ended with 3 passes at 16 x 16 pixels with 50% overlap. An adaptive window 
weighting method was utilized. The software applied a window weighting function with a size 
and shape that was adapted for each window based on the local seeding density and velocity 
gradients determined on the previous pass.
58
 Postprocessing utilized a filter to remove vectors 
with low signal-to-noise ratios as well as a median filter to locate possible spurious vectors. 
Vectors that were removed were not replaced but rather set to NaN. 
To compare PIV results with the probe measurements it was necessary to extract 1D profiles 
from the 2D vector field. Within the 2D vector field the row of vectors corresponding to the 
location of the probe tip was determined. Vectors along this row for each instantaneous vector 
field were extracted and used to calculate the average velocity and turbulence statistics.   
It was mentioned in Section 4.3.1.1 that the location of the cylinder could be moved in the 
direction perpendicular to the freestream. PIV was only used to take measurements in the wake 
for the cases of 5 and 10 diameters downstream, but at these locations the wake was 
approximately 4.0-in. and 6.0-in. wide, respectively. Approximately only half of the wake was 
surveyed but the field-of-view remained at 1.5-in. in the direction perpendicular to the freestream 
for all measurements. In order to survey the entire half wake the cylinder was shifted rather than 
moving the PIV setup. After acquiring images in the central portion of the wake, the cylinder 
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was shifted approximately 1.25-in, see Fig. 4.18. This shift in cylinder location allowed for some 
overlap between the data sets. Once the results were processed the time averaged velocity 
profiles were aligned and stitched together to form a continuous velocity profile from the PIV 
measurements.  
 
4.3.2 Turbulent Probe Angularity Experiments 
Five-hole probes are most commonly used in 3D flowfields unlike the wake of a 2D 
cylinder. In this dissertation the 3D flowfields were generated using finite aspect ratio circular 
cylinders with a free end within the wind tunnel. The aspect ratio (AR) of the cylinder is defined 
as the ratio of the height h to the diameter D. The separated flow over the free end results in a 
trailing vortex system while the interaction of the tunnel floor boundary layer and the cylinder 
creates an additional streamwise vortex system in the wake.
59
 A sketch of this flowfield is 
presented in Fig. 4.19. As with the 2D cylinder, the finite AR cylinder flowfield was selected due 
to the simple geometry, described by the aspect ratio, and the relatively high levels of turbulence 
with RMS fluctuations on the order of 20% of the freestream velocity.
60
 
The first experiment to be discussed using a 3D circular cylinder will be referred to as the 
Turbulent Probe Angularity (TPA) Experiment. The purpose of this experiment was to 
investigate if the angle of the flow relative to the probe influenced the turbulence-induced errors. 
For the TPA experiments the 5HP, standard or fast-response, was mounted in the 5HP calibration 
setup described in Section 4.2.4, and shown in Fig. 4.4 for the FR5HP, and then a finite AR 
cylinder was mounted upstream of the probe. Figure 4.20 shows an image of the FR5HP 
mounted in the TPA setup. 
The cylinder had a diameter of 1.5-in. and the free end was 16.0-in above the tunnel 
floor. Note that the actual cylinder height was 15.375-in. but the mounting plate that was used to 
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secure the cylinder raised the free end to 16.0-in. above the floor. As was mentioned in Section 
4.2.4 the probe tip was located 10.5-in. above the tunnel floor and was positioned so that the 
probe tip was on the axis of rotation of the turntable. Figure 4.21 shows a close-up image of the 
mounting plate that was used to secure the cylinder to the tunnel floor. Note that the mounting 
plate was bolted to tunnel floor upstream of the turntable, which allowed the turntable to rotate 
beneath the mounting plate so that the cylinder was not affected as the table rotated. As a result, 
with this setup it was possible to keep the probe tip at approximately the same point in the 
cylinder wake while altering the angle of the probe relative to the oncoming flow. As the probe 
rotates the total velocity, total pressure, static pressure and turbulent kinetic energy remain 
unchanged but the angle of the flow relative to the probe is altered. Figure 4.21 also shows that 
the mounting plate contained an additional set of holes for mounting the cylinder, labeled 
“Upstream Mounting Point”. This additional mounting point allowed the streamwise distance 
between the cylinder and probe to be altered.  
The FR5HP were used to acquire measurements in the TPA setup for the cylinder placed 
8 and 12 diameters upstream. The turntable was rotated from 0° to 60° in increments of 3.0°. The 
measurements of the FR5HP were also processed to simulate a standard five-hole probe using 
the method discussed in Section 4.2.8.5. All measurements were acquired at a Reynolds number 
based on cylinder diameter of 112.5x10
3
 and 7050 based on the FR5HP tip diameter. The data 
acquisition parameters for the FR5HP were identical to those described in 4.2.8.1.  
 
4.3.3 Finite Aspect Ratio Cylinder Wake Surveys 
4.3.3.1 Finite Aspect Ratio Cylinder Models 
The final setup of experiments discussed here are full wake surveys of finite aspect ratio 
cylinders. For these experiments measurements were acquired, using both the Std5HP and 
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FR5HP, throughout the wake of two different finite AR cylinders. Both cylinders had a diameter 
of 2.0-in. but with heights of 6.0 and 10.0-in. resulting in ARs of 3 and 5, respectively. The 
cylinders were designed so that a section could pass through the tunnel floor and be secured to 
the force balance located beneath the turntable. The gap around the portion passing through the 
floor was sealed. Figure 4.22 shows the AR = 3 cylinder mounted in the wind tunnel. 
 
4.3.3.2 Wake Survey Traverse System 
For the 2D cylinder wake surveys discussed in Section 4.3.1 a single linear traverse was 
used to position the probe throughout the wake. Now that the flow is 3D it was necessary to 
acquire measurements throughout a plane perpendicular to the tunnel axis. The UIUC 3x4 Wind 
Tunnel utilizes two high-load closed-loop linear stages that have been mounted together to form 
a system capable of moving a probe along two separate axes. Both linear stages were acquired 
from Zaber Technologies Inc. The vertical stage was a model A-LAS1000A-E01-KT07 and had 
a maximum travel range of 39.37-in. The horizontal stage was a model A-LST250B-E01-
ENG1561-KT07 and had a maximum range of 49.21-in. Both Zaber traverses were controlled 
through in-house developed software written in LABVIEW 2012. The stated positional accuracy 
of both the horizontal and vertical traverse was 0.00984-in. The traverses were located inside of 
a sealed box mounted on top of the wind tunnel downstream of the turntable.  
A support structure constructed from streamlined steel struts was mounted to the 2-axis 
traverse system and passed through a slot in the tunnel ceiling into test section. The different 
five-hole probes were then mounted to the bottom of this steel support structure, see Fig. 4.23. 
Due to the differences in geometry of the Std5HP and the FR5HP, see Fig. 4.9 and Fig. 4.10, 
different mounting hardware was required for each probe. Figure 4.24 shows the FR5HP mount 
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while the Std5HP is shown in Fig. 4.25. The different probe holders were designed so that the 
probe tips were at the same streamwise location within the tunnel. 
 
4.3.3.3 Finite Aspect Ratio Cylinder Wake Survey Conditions 
Two separate wake surveys were conducted using the finite AR cylinders. The basic 
information for each run is listed in Table 4.1. All measurements were acquired in a 2D plane 
located 8 diameters downstream of the center of the cylinder at a Reynolds number of 150x10
3
 
based on the cylinder diameter.  
Table 4.1 Conditions for the two finite AR cylinder wake surveys. 
Run # AR x/D Re Surface 
1 3 8 150x10
3
 Smooth 
2 5 8 150x10
3
 Smooth 
 
Figure 4.26 shows a schematic of the coordinate system and the survey region used for 
finite AR cylinder wake surveys. The region and stepsizes used for each survey are summarized 
in Table 4.2. For each run a horizontal stepsize (∆𝑦) of 0.25-in. was used for both the FR5HP 
and the Std5HP. This stepsize was larger than that used for the 2D cylinder wake surveys for two 
reasons. First, the finite AR cylinders had a diameter of 2.0-in. as opposed to the 1.0-in. diameter 
for the 2D cylinder. As a result the wake of the finite AR cylinders was wider allowing for 
sufficient resolution at a larger stepsize. Second, now that measurements were acquired on a 2D 
plane, rather than a 1D line, the amount of time to acquire the measurements was increased 
substantially. The Std5HP surveys took approximately 3-4 hours to complete while the FR5HP 
surveys required approximately 8 hours to complete. Note that the surveys began at 0.75-in. 
above the floor of the tunnel. This height was the lowest point the FR5HP could be placed.  
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Table 4.2 Survey region and stepsizes for each finite AR cylinder wake survey. 
Run # 𝒚𝒎𝒊𝒏 (in.) 𝒚𝒎𝒂𝒙 (in.) ∆𝒚 (in.) 𝒛𝒎𝒊𝒏 (in.) 𝒛𝒎𝒂𝒙 (in.) ∆𝒛 (in.) 
1 -7.5 7.5 0.25 0.75 6.5 0.25 
2 -6.5 6.5 0.25 0.75 10.125 0.375 
 
4.4 Error Analysis 
This section will briefly discuss the error analysis for the PIV and standard five-hole 
probe (Std5HP) measurements. Throughout this section the notation ϵ?̅? will be used to represent 
the uncertainty in the measurement of the arbitrary time-averaged variable ?̅?.  
 
4.4.1 PIV Error Analysis 
Estimates of the error in PIV measurements can be made following the method outlined in 
Adrian and Westerweel.
61
 PIV is used to measure the instantaneous velocity throughout a 2D 
area, and the average velocity at each point is determined by averaging a large number of 
instantaneous vector fields. At a given point within a turbulent flow, the velocity can be 
considered a random function of time, and PIV can be used to sample the instantaneous velocity 
at a given point. If the individual random samples are assumed to be normally distributed and a 
total of N independent samples are acquired, than statistical sampling theory can be used to 
construct a confidence interval for the time-averaged PIV measurements. For a 95% confidence 
interval, the uncertainty in the measured time-averaged streamwise velocity ?̅? is given by: 
 
ϵ𝑈 = ± 1.96
√𝑢′2̅̅ ̅̅ 𝑈∞2⁄
√𝑁
 
Eq. 4.41 
The factor of 1.96 results from assuming the individual measurements are normally distributed 
and the choice of a 95% confidence interval. The uncertainty in the turbulence 𝑢′2̅̅ ̅̅  is: 
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ϵ𝑢′2̅̅ ̅̅ ̅ = ± 1.96√
2
𝑁
 
𝑢′2̅̅ ̅̅
𝑈∞2
 Eq. 4.42 
A similar expression can be written for the uncertainty in the transverse fluctuation 𝑣′2̅̅ ̅̅ .  
 Section 6.1.2.1 will present PIV measurements in the wake of the 2D cylinder at 5 and 10 
diameters downstream. As will be shown, the highest levels of turbulence were measured at the 
centerline of the wake at 𝑥 𝐷⁄  = 5.  The highest levels of uncertainty will be found at this point 
and the absolute and relative errors for ?̅? 𝑈∞⁄ , 𝑢′2̅̅ ̅̅ 𝑈∞
2⁄  and 𝑣′2̅̅ ̅̅ 𝑈∞
2⁄  are shown in Table 4.3. 
Recall that for the PIV experiments N = 2040. 
Table 4.3 Absolute and relative errors in PIV measurements at the centerline of the 2D 
cylinder at 𝒙 𝑫⁄  = 5 
ϵ𝑈 (% of 𝑈∞) ϵ𝑢′2̅̅ ̅̅ ̅ (% of 𝑈∞
2 ) ϵ𝑣′2̅̅ ̅̅̅ (% of 𝑈∞
2 ) 
ϵ𝑈
?̅?
 
ϵ𝑢′2̅̅ ̅̅ ̅
𝑢′2̅̅ ̅̅
 
ϵ𝑣′2̅̅ ̅̅̅
𝑣′2̅̅ ̅̅
 
0.99 0.32 1.22 0.014 0.0614 0.0614 
 
4.4.2 Standard Five-Hole Probe Error Analysis 
Five-hole probes are used to measure total pressure, static pressure and velocity. The 
uncertainty in the measurements of these variables will depend on the uncertainty in the 
measurements of the five individual port pressures 𝑃1−5̅̅ ̅̅ ̅̅ . The uncertainty in an arbitrary 
measured variable ?̅? can be expressed as: 
 
ϵ?̅? = √∑ (
𝜕?̅?
𝜕𝑃?̅?
 ϵ𝑃?̅?)
25
𝑖=1
 Eq. 4.43 
Where 
𝜕?̅?
𝜕𝑃?̅?
 and ϵ𝑃?̅? represent the sensitivity of ?̅? to 𝑃?̅? and the uncertainty in the measurement of 
𝑃?̅?, respectively. Due to the complex relationship between the arbitrary variable ?̅? and the port 
pressures, the sensitivity term in Eq. 4.43 cannot be determined analytically. The Jitter Method, 
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developed by Moffat,
62
 estimates the sensitivity term numerically by first perturbing the 
independent variable (𝑃?̅?) by a known amount +Δ𝑝 and then recalculating the dependent variable 
?̅?. Then perturbing the independent variable by – Δ𝑝 and recalculating ?̅?. The partial derivative 
𝜕?̅?
𝜕𝑃?̅?
 is then estimated using the central difference method.   
 𝜕?̅?
𝜕𝑃?̅?
=
?̅?𝑃?̅?+Δ𝑝 − ?̅?𝑃?̅?−Δ𝑝
2Δ𝑝
 Eq. 4.44 
The perturbation value Δ𝑝 is selected to be equal to the uncertainty in the measurement of 𝑃?̅?. For 
the standard five-hole probe the uncertainty in the port pressure measurement ϵ𝑃?̅? was 0.00035 
psi. 
 The uncertainty in the standard 5HP measurements were calculated using the Jitter 
Method and the data acquired on the centerline of the 2D cylinder at 𝑥 𝐷⁄  = 5. The absolute 
dimensional and non-dimensional errors in total pressure, static pressure and velocity are shown 
in Table 4.4. The table shows that the uncertainty in total and static pressure are on the order of 
the uncertainty in the measurements of the pressure ports. The uncertainty in total pressure is 
slightly lower because in a flow with zero mean angle (?̅? = ?̅? = 0), the total pressure depends 
only on the central pressure port 𝑃1̅ but the static pressure depends on all five pressure ports. 
Note that this analysis does not currently account for uncertainty in the calibration data. 
Table 4.4 Uncertainties in measurements of Std5HP_2 calculated using the Jitter Method 
for data acquired on the centerline of the 2D cylinder wake at 𝒙 𝑫⁄  = 5. 
𝝐𝑷𝒕 (psi) 𝝐𝑷𝒔 (psi) 𝝐𝑼 (ft/s) 𝝐𝑪𝒑𝒕 (% of 𝒒∞) 𝝐𝑪𝒑𝒔 (% of 𝒒∞) 𝝐𝑼 𝑼∞⁄  (% of 𝑼∞) 
0.000351 0.000363 0.346 0.199 0.207 0.233 
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4.5 Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.1 Illustration of University of Illinois 3x4-ft. low-speed open return wind tunnel.
19
 
 
 
Fig. 4.2 Picture of a five-hole pressure probe and schematic of pressure ports. 
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Fig. 4.4 Image of Fast-Response Five-Hole probe in the calibration setup. 
 
 
Fig. 4.3 Definition of coordinate system, velocity components and flow angles. 
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Fig. 4.5 Calibration points for the FR5HP used in this research. 
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Fig. 4.6 Calibration points for the FR5HP used in this research with additional points to 
fill in gaps for large values of 𝜷. 
 
 
 
 90  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.7 Calibration data points of the FR5HP divided into sectors based on which 
pressure port measures the maximum pressure. 
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Fig. 4.8 Distribution of (𝑪𝜷, 𝑪𝜶) for Sector 2 of the FR5HP. 
 
 
Fig. 4.9 Picture and schematic of the Std5HP. 
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Fig. 4.10 Picture and schematic of the fast-response five-hole probe. 
 
 
 
Fig. 4.11 Example of pressure attenuation ratio and phase shift for port 1 of the FR5HP as 
functions of frequency. These data were supplied by The Aeroporbe Corp. 
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Fig. 4.12 Comparison of the pressure time history measured by port 1 of the FR5HP in a 
turbulent flow before and after the distortion correction. 
 
 94  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.13 2D Cylinder floor base plate mounting setup. 
 
 
Fig. 4.14 2D Cylinder ceiling base plate mounting setup. 
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Fig. 4.15 Zaber linear traverse mounted under the tunnel (turntable) floor. 
 
 
Fig. 4.16 Probe Mounting Base Plate mounted to Zaber traverse and support rail. 
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Fig. 4.17 Fast-response five-hole probe mounted in the wind tunnel for the 2D cylinder wake 
surveys. Note that the perforate plate on the left of the picture is not used in this study. 
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Fig. 4.18 PIV field-of-view overlap. 
 
 
Fig. 4.19 Sketch of the flowfield behind a finite aspect ratio circular cylinder.
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Fig. 4.20 Image of the Turbulent Probe Angularity Experiment setup for the fast-response 
five-hole probe. 
 
 
Fig. 4.21 Close up image of mounting plate used in Turbulent Probe Angularity Experiments. 
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Fig. 4.22 Finite circular cylinder, AR = 3, mounted in the wind tunnel. 
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Fig. 4.23 Image of the finite cylinder wake survey setup with the FR5HP in the tunnel. 
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Fig. 4.24 FR5HP mounted in the wind tunnel for finite AR cylinder wake surveys. 
 
 
Fig. 4.25 Std5HP mounted in the wind tunnel for finite AR cylinder wake surveys. 
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Fig. 4.26 Schematic of the coordinate system used for the finite AR cylinder wake 
surveys. 
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Chapter 5 
Modelling Five-Hole Probe Measurements 
5.1 Modeling Five-Hole Probe Response to Turbulence 
The data reduction process described in Section 4.2 is commonly used to process 5HP 
measurements in both laminar and turbulent flows. As discussed in Chapter 2, the pressures 
measured by a pressure probe in a turbulent flow will be contaminated by the turbulent velocity 
fluctuations. It can therefore be expected that each of the five holes of a 5HP will be influenced 
by the turbulent fluctuations and that this error will propagate throughout the entire data 
reduction process resulting in errors in the measured flow variables. The literature contains a few 
examples of the possible errors in the measurements of multi-hole probes. Christiansen and 
Bradshaw
17
 found that a three-hole probe overpredicted the velocity by approximately +12% in a 
turbulent jet. In the wake of a circular cylinder, Takahashi
18
 reported a maximum error in 
velocity of +6%. In the burst wake of a multi-element airfoil, Pomeroy
19
 found a maximum error 
in velocity of -18%. Finally, Pisterman
23
 measured errors in velocity ranging from -10% to +6% 
in the wake of a large 3D bump on the wind tunnel floor. Pisterman also reported errors in the 
measured flow angularity of ±4.0°. 
The examples cited above demonstrate the potential for non-negligible errors in the 
measurements of velocity by multi-hole probes. As discussed in Section 4.2.2, the 5HP is used to 
determine the total and static pressure in the flow and the velocity is then calculated using 
Bernoulli’s equation; therefore, to correct the measurements of velocity it is necessary to 
determine the errors in the total and static pressure. The authors of the studies cited above were 
unable to accurately measure the total and static pressure in the wake, in this research these 
measurements are accomplished using the fast-response five-hole probe. The focus of the current 
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research is to understand how turbulence influences the measurements of five-hole probes, and in 
order to investigate and understand these effects it is necessary to model the response of a five-
hole probe to turbulence. This section will introduce two possible methods of modeling the time-
averaged pressure at each of the five pressure ports in an arbitrary turbulent flowfield. The 
pressures resulting from these methods can then be processed using the methods outlined in 
Section 4.2. The first method will utilize an analytical model for each port on the probe while the 
second method is a novel method of simulating 5HP measurements in an arbitrary flow. Both 
methods will utilize empirical calibration data for the probe. The advantages and disadvantages 
will be discussed below, and it will be determined that the numerical simulation is superior. Note 
that throughout this section it will be assumed that the probe is in a subsonic incompressible 
flow. 
 
5.1.1 General Pressure Port Response Model 
Both of the methods for modeling the response of a 5HP to turbulence will require the 
response of each of the individual pressure ports to the local flowfield. In a steady laminar flow, 
the pressure at a port (𝑃𝑝𝑜𝑟𝑡) located at an arbitrary position on a probe of arbitrary geometry 
will depend on the local static pressure 𝑃𝑠, the total magnitude of the velocity 𝑉𝑡 and the flow 
angles 𝛼 and 𝛽.   
 
𝑃𝑝𝑜𝑟𝑡 =  𝑃𝑠 + 
1
2
𝜌 𝑉𝑡
2 𝑓𝑝𝑜𝑟𝑡(𝛼, 𝛽) Eq. 5.1 
The function 𝑓𝑝𝑜𝑟𝑡 represents the angular response of the particular pressure port. The angularity 
function can be determined using theoretical methods such as potential flow or it can be 
determined experimentally from the probe calibration data. Five-hole probes are calibrated by 
placing the probe at a series of known angles in a flow of known velocity 𝑉𝑡 = 𝑈∞ and static 
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pressure 𝑃𝑠 = 𝑃∞, see Section 4.2.4 for a discussion regarding the probe calibration setup. Under 
these conditions the port angularity function is equivalent to the non-dimensional port pressure 
coefficient.  
 
𝑓𝑝𝑜𝑟𝑡(𝛼, 𝛽) =  (
𝑃𝑝𝑜𝑟𝑡(𝛼, 𝛽) − 𝑃∞
1
2𝜌𝑈∞
2
)
𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛
 Eq. 5.2 
The angularity function can also be determined theoretically. For example, the flow over 
a 5HP with a hemispherical tip can be reasonably approximated as the flow over a sphere in 
potential flow.
63
 The pressure at a port on this hypothetical probe can be expressed using Eq. 5.1 
and the result for the pressure on a sphere in potential flow.
43,63
 The non-dimensional pressure 
coefficient for port 𝑖 on the sphere is given by: 
 
𝐶𝑝,𝑖,𝑠𝑝ℎ𝑒𝑟𝑒(𝜃𝑖,𝑠𝑡𝑎𝑔) =  𝐶𝑝𝑠 + 
𝑉𝑡
2
𝑈∞2
[
9
4
cos(𝜃𝑖,𝑠𝑡𝑎𝑔)
2
−
5
4
] Eq. 5.3 
Where 𝜃𝑖,𝑠𝑡𝑎𝑔 represents the angular separation between port 𝑖 and the stagnation point. This 
angle is a function of the port location and the flow angularity and can be determined from 
geometry. The model of a sphere in potential flow will be used throughout this dissertation for 
comparisons to real probes.  
As discussed by Becker and Brown,
15
 see Chapter 2, the laminar response of a pressure 
probe can be used to model the probe in a turbulent flow under certain conditions. If the length 
scale of the turbulent fluctuation is large compared to the probe dimension then the instantaneous 
flow around the probe can be considered equivalent to a steady laminar flow with the same static 
pressure, velocity and angularity. This is known as the quasi-steady assumption and if it is valid 
then Eq. 5.1 can be used to describe the instantaneous pressure distribution on the probe tip. In 
order to model the response of a five-hole probe to turbulence it is necessary to determine the 
angular response of the different pressure ports. 
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5.1.2 Analytical Model for Five-Hole Probe Response 
Under the quasi-steady assumption the instantaneous pressure coefficient at each port of a 
five-hole probe can be modeled using Eq. 5.1.  
 
𝐶𝑝,𝑖(𝑡) =  𝐶𝑝𝑠(𝑡) +  
𝑉𝑡
2
𝑈∞2
(𝑡) 𝑓𝑖(𝛼(𝑡), 𝛽(𝑡)) Eq. 5.4 
Where the subscript 𝑖 represents ports 1-5. In order to model the response of a five-hole probe to 
turbulence it is necessary to derive an expression for the time-averaged pressure measured by 
each port as a function of the important flowfield quantities.  
As an alternative to the multi-hole probe data reduction method described in Section 4.2 
for steady laminar flows, Pisasale and Ahmed
64
 developed a relationship between the port 
pressure and the flowfield with the following functional form. 
 
𝐶𝑝,𝑖 =  𝐶𝑝𝑠 +  𝐴𝑖
𝑈2
𝑈∞2
+ 𝐵𝑖
𝑉2
𝑈∞2
+ 𝐶𝑖
𝑊2
𝑈∞2
+ 𝐷𝑖
𝑈𝑉
𝑈∞2
+ 𝐸𝑖
𝑈𝑊
𝑈∞2
+ 𝐹𝑖
𝑉𝑊
𝑈∞2
 Eq. 5.5 
The coefficients 𝐴, 𝐵, 𝐶, 𝐷, 𝐸 and 𝐹 can be determined from a theoretical analysis or by 
applying a least-squares curve fit to experimental calibration data for the probe. Again using the 
model of a sphere in potential flow as an example, if the angular separation between the outer 
ports (2-5) and the central port is 30° then the coefficients of Eq. 5.5 are given in Table 5.1. 
Table 5.1 Port model coefficients for an ideal 5HP modeled as a sphere in potential flow. 
Angular separation between outer ports and central port of 30°. 
Port A B C D E F 
1 1.0 -1.25 -1.25 0 0 0 
2 0.4375 -0.6875 -1.25 1.9486 0 0 
3 0.4375 -0.6875 -1.25 -1.9486 0 0 
4 0.4375 -1.25 -0.6875 0 1.9486 0 
5 0.4375 -1.25 -0.6875 0 -1.9486 0 
 
For this ideal 5HP the effects of symmetry are clear. The central port is equally sensitive to both 
transverse velocity components, and the sensitivity of ports 2 and 3 to 𝑉 is equal to the 
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sensitivity of ports 4 and 5 to 𝑊. It can be expected that a real 5HP will not exhibit perfect 
symmetry due to manufacturing irregularities. Therefore it will always be advantageous to use a 
least-squares curve fit to experimental calibration data for the probe. This will be discussed in 
Section 5.1.3. 
In a steady laminar flow there are 4 unknowns in Eq. 5.5 (𝑈, 𝑉, 𝑊, 𝑃𝑠) and Pisasale and 
Ahmed
64
 demonstrated that using 4 of the 5 pressure ports it is possible to solve the system of 
equations to accurately determine these unknowns. They also demonstrate that for large flow 
angularity it was necessary to apply a sectoring method similar to that discussed in Section 4.2.3. 
The calibration data were sectored based on which port registered the highest pressure and the 
curve fit was applied only to calibration data corresponding to the given sector. 
 Under the quasi-steady assumption, if Eq. 5.5 is taken to represent the instantaneous 
pressure at port 𝑖 of a 5HP in a turbulent flow then the time-averaged pressure can be determined 
using the standard Reynolds decomposition. The time-averaged non-dimensional port pressure is 
modeled as: 
 
𝐶𝑝,𝑖̅̅ ̅̅̅ =  𝐶𝑝𝑠̅̅ ̅̅ +  
1
𝑈∞2
[𝐴𝑖(?̅?
2 + 𝑢′2̅̅ ̅̅ ) + 𝐵𝑖(?̅?
2 + 𝑣′2̅̅ ̅̅ ) + 𝐶𝑖(?̅?
2 + 𝑤′2̅̅ ̅̅̅)
+ 𝐷𝑖(?̅??̅? + 𝑢′𝑣′̅̅ ̅̅ ̅̅ ) + 𝐸𝑖(?̅??̅? + 𝑢′𝑤′̅̅ ̅̅ ̅̅ ) + 𝐹𝑖(?̅??̅? + 𝑣′𝑤′̅̅ ̅̅ ̅̅ )]  
Eq. 5.6 
Unfortunately, the Reynolds decomposition and time averaging introduce 6 new unknown 
variables so that it is no longer possible to use the method described by Pisasale and Ahmed
64
 
without any simplifying assumptions. The port pressures calculated using Eq. 5.6 must be 
processed using the method described in Section 4.2.  
 For a given mean flowfield (𝐶𝑝𝑠̅̅ ̅̅ , ?̅?, ?̅?, ?̅?) Eq. 5.6 could be used to study the effects of 
turbulence on a 5HP by selecting different values of the turbulence terms and then processing the 
five port pressures as if they were measurements. Equation 5.6 could also be used to correct 5HP 
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measurements for the effects of turbulence if the turbulence quantities in Eq. 5.6 are known. The 
contribution of turbulence to each port pressure could be removed by subtracting the appropriate 
terms from Eq. 5.6 and the resulting corrected port pressures can be processed. The analytical 
model described here is appealing due to its simplicity however it will be shown in the next 
section that this approach suffers from a serious disadvantage because the simple quadratic 
model is unable to accurately capture the response of the port pressures over a large angular 
range.  
 
5.1.3 Application of the Analytic Five-Hole Probe Port Model 
The analytic model for port pressures, Eq. 5.6, was applied to the fast-response five-hole 
probe and the standard five-hole probe described in Sections 4.2.7 and 4.2.8, respectively. The 
coefficients of the model were determined using the calibration data for each probe. The 
calibration data were acquired in a steady laminar flow and therefore the turbulence terms in Eq. 
5.6 were equal to zero. The coefficients for the port model were determined by fitting the 
calibration data to Eq. 5.6 while neglecting the turbulence terms.  
 
𝐶𝑝𝑖̅̅ ̅̅ =  𝐴𝑖
?̅?2
𝑈∞2
+ 𝐵𝑖
?̅?2
𝑈∞2
+ 𝐶𝑖
?̅?2
𝑈∞2
+ 𝐷𝑖
?̅??̅?
𝑈∞2
+ 𝐸𝑖
?̅??̅?
𝑈∞2
+ 𝐹𝑖
?̅??̅?
𝑈∞2
  Eq. 5.7 
Note that during the calibration the local static pressure coefficient at the probe tip (𝐶𝑝𝑠̅̅ ̅̅ ) is zero. 
The velocity components (?̅?, ?̅?, ?̅?) relative to the probe were calculated based on the angle of 
the probe using Eq. 4.17 – 4.19 which are rewritten here in non-dimensional form with 𝑉𝑡 = 𝑈∞. 
𝑈
𝑈∞
= cos(𝛼) cos(𝛽)  Eq. 5.8 
?̅?
𝑈∞
= sin(𝛽)   Eq. 5.9 
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?̅?
𝑈∞
= sin(𝛼) cos(𝛽)  Eq. 5.10 
The curve fit to determine the coefficients of Eq. 5.7 was performed using the built-in MATLAB 
function “regress” which performs a multivariate linear regression analysis. Tables 5.2 and 5.3 
list the coefficients of Eq. 5.7 as well as the R
2
 value of the fit for the FR5HP and the Std5HP 
used in this study and described in Sections 4.2.8 and 4.2.7, respectively. Note that all calibration 
points within 𝜃𝑐𝑎𝑙 = ±60.0° were included in the regression analysis, where 𝜃𝑐𝑎𝑙 is the cone angle 
of the probe during calibration which was set by the wind tunnel turntable, see Section 4.2.4 and 
Fig. 4.3.   
Table 5.2 Port model coefficients for FR5HP. Coefficients based on using all calibration 
data for -60° ≤ 𝜽𝒄𝒂𝒍 ≤ 60°. 
Port A B C D E F R
2
 
1 1.0925 -1.2481 -1.2676 -0.0505 0.02867 -0.0030 0.9899 
2 0.7005 -1.0476 -1.4149 1.9229 -0.0078 0.02733 0.9939 
3 0.6214 -0.9314 -1.4907 -1.9032 0.07526 0.0674 0.9938 
4 0.6349 -1.4745 -1.0140 -0.0054 1.9972 -0.1379 0.9940 
5 0.6469 -1.4732 -1.0203 -0.0589 -1.9656 0.1609 0.9942 
 
Table 5.3 Port model coefficients for Std5HP. Coefficients based on using all calibration 
data for -60° ≤ 𝜽𝒄𝒂𝒍 ≤ 60°. 
Port A B C D E F R
2
 
1 1.1289 -1.2978 -1.3152 -0.2519 0.1532 0.0221 0.9746 
2 0.4145 -0.0526 -2.1296 1.7809 -0.0116 -0.1563 0.9807 
3 0.4018 0.1262 -2.0873 -1.6859 0.0351 -0.1480 0.9697 
4 0.3992 -2.0271 0.0154 0.0134 1.7710 0.1519 0.9776 
5 0.4254 -2.1555 0.0122 0.0022 -1.7463 0.1178 0.9767 
 
Several observations can be made from the results in Tables 5.2 and 5.3. First, it can be 
seen that the perfect symmetry noted in the coefficients for the sphere in potential flow, see 
Table 5.1, is not observed for the real five-hole probes. This lack of symmetry is to be expected 
and is the result of manufacturing tolerances as well as the fact that the probes were not likely 
mounted perfectly aligned in the calibration setup. Second, significant differences between the 
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two probes can be observed. For example, by comparing the relative values of the coefficient 𝐴 it 
can be seen that the sensitivity of ports 2-5 to the axial velocity ?̅? differs between the two 
probes. For the FR5HP the value of 𝐴 for ports 2-5 ranges from 0.62 to 0.7 while for the Std5HP 
the value is approximately 0.4 for ports 2-5. This difference implies that the outer ports of the 
FR5HP are more sensitive to turbulent fluctuations in the axial direction, see Eq. 5.6, than the 
same ports of the Std5HP. There is also a significant difference between the two probes in 
sensitivity to transverse fluctuations. For example, ports 2 and 3 of the FR5HP are significantly 
more sensitive to the term 𝑣′2̅̅ ̅̅  than ports 2 and 3 of the Std5HP, but the sensitivity of these ports 
to the term 𝑤′2̅̅ ̅̅̅ is higher on the Std5HP.  
There are various other interesting observations that can be made from the data in Tables 
5.2 and 5.3 but there is also a serious problem with the analytic model. Note that for each probe 
the value of 𝐴1, the leading coefficient for port 1, is greater than 1.0. This result is problematic 
because it implies that if the probe were in the freestream (𝐶𝑝𝑠̅̅ ̅̅ = 0, ?̅? = 𝑈∞) and aligned with 
the flow (?̅? = ?̅? = 0) the central port would measure a non-dimensional pressure greater than 
1.0 which is physically impossible.  
The reason for this problem is that Eq. 5.6 does not adequately represent the functional 
form of the measured pressures for these probes. This problem is shown in Fig. 5.1 which 
compares the pressure coefficient measured by the central port of the FR5HP, in the calibration 
setup, to the result of applying the curve fit to the calibration data using different ranges of the 
calibration data. The line labeled “𝐶𝑝1,𝑚𝑒𝑎𝑠” represents the non-dimensional pressure measured 
by the probe. The line labeled  “𝐶𝑝1,𝑓𝑖𝑡, 𝜃𝑚𝑎𝑥 = 60°” represents the curve fit using the calibration 
data points within ±60.0°, this line corresponds to the coefficients in Table 5.2. The other two 
lines represent the curve fit if only calibration points within ±20.0° and ±40.0° are used. It can be 
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seen that if a smaller range of the calibration data is used then the agreement between the model 
and the measurements is better for low angles but worse for large angles. The reason for this is 
that the central pressure port is relatively insensitive to the flow angle when the angle is small. In 
the range -10° ≤ 𝛽 ≤ 10° the central port pressure changes by only 2%. The quadratic model of 
Eq. 5.6 cannot simultaneously capture this relatively flat area and the behavior at larger angles. A 
similar problem occurs for the outer ports, as shown for port 2 in Fig. 5.2. In this case, the area 
over which the port is insensitive to the angle is approximately centered around 𝛽 = 26.5°. Note 
that a similar problem occurs for the Std5HP. 
The results presented in Fig. 5.1 and Fig. 5.2 suggest that Eq. 5.6 will not adequately 
represent the behavior of the FR5HP used in this study. It is possible that a different functional 
form could be used to represent the port angularity function. For example the form used by 
Becker and Brown,
15
 see Eq. 2.11, is a possibility. However there is another potential problem 
that can result from trying to model the port angularity function with a particular equation. 
Figure 5.3 shows the pressure measured by port 2 of the Std5HP and the result of the applying a 
curve fit for Eq. 5.6 using calibration data within ±60.0°. In addition to the area of relative 
insensitivity to the flow angle there is also a noticeable break in the slope of the pressure curve in 
the range -20° ≤ 𝛽 ≤ -10°. As the angle of the probe changes there is an abrupt change in the 
flowfield, possibly due to flow separation, that would be difficult to adequately model using a 
single equation.    
The above discussion demonstrates some of the potential difficulties in attempting to use 
a specific functional form to model the port angularity function of a five-hole probe. A similar 
problem was discussed in 4.2.5 regarding applying the probe calibration data. The problems 
discussed above can be avoided by using local interpolation, based on the flow angles, within the 
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calibration data to represent the port angularity function. The next section introduces a novel 
method of numerically simulating five-hole probe measurements in an arbitrary flowfield that 
utilizes an interpolation method to represent the port angularity function. Despite the drawbacks 
to the analytical method just described, Eq. 5.6 can still provide useful qualitative information. 
For example, as discussed above the value of the coefficients in the model provide information 
regarding the sensitivity of the ports to the different turbulence parameters.   
 
5.1.4 Numerical Model for Five-Hole Probe Response 
The analytical approach described in the previous section is not ideal for the current 
research due to its limited capabilities to adequately model the behavior of a 5HP. While there 
are likely methods of solving the problems discussed above this section will introduce an 
alternative to Eq. 5.6. The method discussed below can be used to numerically simulate the 
measurements of a five-hole probe in an arbitrary turbulent flowfield. In Chapter 6 the ability to 
predict the response of a standard five-hole probe to an arbitrary turbulent flow will be used to 
understand how turbulence effects the five-hole probe measurements and to develop a method 
of correcting these measurements.  
The instantaneous pressure at a pressure port on a five-hole probe was expressed using 
Eq. 5.4. Since the goal is to determine the influence of turbulent velocity fluctuations on the 
measured port pressures it will be convenient to rewrite the instantaneous port pressure 
coefficient in terms of the velocity components rather than the flow angles.  
 
𝐶𝑝,𝑖(𝑡) =  𝐶𝑝𝑠(𝑡) +  
𝑉𝑡
2
𝑈∞2
(𝑡) 𝑓𝑖( 𝑈(𝑡) , 𝑉(𝑡) , 𝑊(𝑡)  ) Eq. 5.11 
Time averaging this expression results in the following equation for the average pressure 
coefficient measured by the individual ports.   
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𝐶𝑝,𝑖̅̅ ̅̅̅ =  𝐶𝑝𝑠̅̅ ̅̅ +  
1
𝑈∞2
 𝑉𝑡
2(𝑡) 𝑓𝑖( 𝑈(𝑡) , 𝑉(𝑡) , 𝑊(𝑡)  )
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  Eq. 5.12 
This equation represents a more general form of Eq. 5.6. Equation 5.6 was derived by assuming a 
functional form of the 2
nd
 term on the right hand side of Eq. 5.12. The numerical simulation 
introduced in this section will instead evaluate this term numerically.  
While the Navier Stokes equations represent a deterministic set of equations it is often a 
valid assumption to treat the turbulent velocity fluctuations as a random process. With this 
assumption the instantaneous velocity and the port angularity function 𝑓𝑖 can also be considered 
random functions of time. Assume that 𝑔(𝑥) is an arbitrary but known function of 𝑥 where 𝑥 is a 
random variable with a probability distribution function (p.d.f) 𝒫𝑥. The mean value of 𝑔(𝑥) can 
be determined by integrating 𝑔(𝑥) weighted by the probability of 𝑥 over all possible values of 
𝑥.65  
 
?̅? =  ∫ 𝑔(𝑥) 𝒫𝑥 𝑑𝑥
∞
−∞
 Eq. 5.13 
This process can be used to determine the value of the 2
nd
 term on the right hand side of 
Eq. 5.12. First, define 𝒫𝑈𝑉𝑊 as the joint probability distribution function of the three 
instantaneous velocity components ( 𝑈(𝑡) , 𝑉(𝑡) , 𝑊(𝑡) ) in a turbulent flow. The mean value of 
the quantity 𝑉𝑡
2 𝑓𝑖(𝑈 , 𝑉 , 𝑊) can be expressed as: 
 
𝑉𝑡
2 𝑓𝑖(𝑈 , 𝑉 , 𝑊)
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ =  ∭[(𝑈2 + 𝑉2 + 𝑊2) 𝑓𝑖(𝑈, 𝑉, 𝑊)] 𝒫𝑢𝑣𝑤 𝑑𝑈𝑑𝑉𝑑𝑊
∞
−∞
 Eq. 5.14 
Note that the explicit dependence of velocity on time (𝑡) has been dropped for clarity, and the 
definition of the instantaneous total velocity 𝑉𝑡, see Eq. 2.2, was used on right hand side of Eq. 
5.14. It is also assumed that the turbulence is statistically stationary so that the probability 
distribution function does not depend on time. In order to evaluate the triple integral in Eq. 5.14 
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the port angularity function 𝑓𝑖and the joint probability distribution function of the velocity 
components 𝒫𝑈𝑉𝑊 must be known. The probability distribution function can be approximated 
using a multivariate normal distribution function.
66
  
 
 𝒫𝑢𝑣𝑤 =  
1
√(2𝜋)3|Σ𝑢𝑣𝑤|
𝑒𝑥𝑝 (
−1
2
 [𝑋𝑢𝑣𝑤
𝑇  Σ𝑢𝑣𝑤
−1  𝑋𝑢𝑣𝑤]) Eq. 5.15 
Where 𝑋𝑢𝑣𝑤 is a 1-by-3 matrix: 
 
𝑋𝑢𝑣𝑤 =  [
𝑈(𝑡) − ?̅?
𝑉(𝑡) − 𝑉
𝑊(𝑡) − ?̅?
]
𝑇
 Eq. 5.16 
Note that the superscript T denotes the transpose operation. Σ𝑢𝑣𝑤 is the 3-by-3 covariance matrix 
also known as the Reynolds Stress Tensor.
56,66
  
 
Σ𝑢𝑣𝑤 =  [
𝑢′2̅̅ ̅̅ 𝑢′𝑣′̅̅ ̅̅ ̅ 𝑢′𝑤′̅̅ ̅̅ ̅̅
𝑢′𝑣′̅̅ ̅̅ ̅ 𝑣′2̅̅ ̅̅ 𝑣′𝑤′̅̅ ̅̅ ̅̅
𝑢′𝑤′̅̅ ̅̅ ̅̅ 𝑣′𝑤′̅̅ ̅̅ ̅̅ 𝑤′2̅̅ ̅̅̅
] Eq. 5.17 
The three diagonal terms (𝑢′2̅̅ ̅̅ , 𝑣′2̅̅ ̅̅ , 𝑤′2̅̅ ̅̅ ̅) are known as the Reynolds normal stresses while the 
off-diagonal terms (𝑢′𝑣′̅̅ ̅̅ ̅, 𝑢′𝑤′̅̅ ̅̅ ̅̅ , 𝑣′𝑤′̅̅ ̅̅ ̅̅ ) are known as the Reynolds shear stresses. It should be noted 
that strictly speaking turbulence is not adequately represented by a Gaussian probability 
distribution due to the behavior of higher-order statistics.
56,66
  
Now that the probability distribution function is defined the next step is to evaluate the 
port angularity function 𝑓𝑖(𝑈 , 𝑉 , 𝑊). At a given instant in time, if the velocity components are 
known the value of the port angularity function can be determined using the experimental probe 
calibration data. The most straightforward way to accomplish this is to calculate the pitch and 
yaw angles (𝛼, 𝛽) from the velocity components, see Eqs. 4.17 to 4.19, and then interpolate 
within the calibration dataset, see Eq. 5.2.  
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Now with the use of Eq. 5.2 and Eqs. 5.14 through 5.17 the measurements of a 5HP in an 
arbitrary flowfield can be simulated with the following procedure. 
1. Select values for the mean static pressure (𝑃?̅?), the mean velocity components (?̅?, ?̅?, ?̅?) 
and the 6 components of the Reynolds Stress Tensor, see Eq. 5.17. 
2. Artificial time histories of the velocity components (𝑈(𝑡), 𝑉(𝑡), 𝑊(𝑡)) can now be 
created by generating random values from the multivariate normal distribution Eq. 5.15. 
3. For each “instant in time” calculate the instantaneous pitch and yaw angles (𝛼(𝑡), 𝛽(𝑡)) 
from the velocity components using Eqs. 4.17 to 4.19. 
4. For each pressure port, determine the instantaneous value of the port angularity function 
𝑓𝑖(𝛼(𝑡), 𝛽(𝑡)) by interpolating within the calibration dataset using Eq. 5.2. 
5. By generating a sufficiently long artificial time history an accurate mean of the quantity 
𝑉𝑡
2 𝑓𝑖(𝑈 , 𝑉 , 𝑊) can be determined and the average port pressures (𝑃?̅?) can be calculated 
using Eq. 5.12. 
6. Once the five average port pressures (𝐶𝑝,𝑖̅̅ ̅̅ ) are known the “simulated measurements” can 
be processed using the probe calibration data and the procedure described in Section 4.2. 
This procedure will be validated in Chapter 6 and it will be used to study and model the effects 
of turbulence on standard five-hole probes. Then it will be demonstrated that this simulation 
method can be used to develop a correction process for five-hole probes.  
It is worth pointing out that the process described above is similar to that used by Becker 
and Brown
15
 in their derivation of a model for the response of a Pitot probe to turbulent flow, see 
Eq. 2.12. They arrived at an expression similar to Eq. 5.14 but they assumed a specific functional 
form of the general angularity function 𝑓𝑖, see Eq. 2.10. They then made several simplifying 
assumptions in order to arrive at Eq. 2.12. For example, they assumed the probe was aligned with 
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the mean flow (?̅? = ?̅? = 0), the velocity fluctuations were uncorrelated and they imposed 
certain relationships on the statistics of the velocity fluctuations such as 𝑣′2̅̅ ̅̅ = 𝑤′2̅̅ ̅̅̅ and 𝑢′2̅̅ ̅̅ =
𝑐(𝑣′2̅̅ ̅̅ + 𝑤′2̅̅ ̅̅̅). In isotropic turbulence 𝑐 = 1 and in turbulent shear flow 𝑐 = 1/2. In addition, to 
analytically evaluate the triple integral in Eq. 5.14 they took advantage of the axisymmetric 
geometry of the Pitot probe which cannot be done for the outer ports on a five-hole probe. The 
numerical simulation described above is a more general approach than that of Becker and 
Brown
15
 with several important advantages. First, the numerical simulation places no restrictions 
on the functional form of the port angularity function which is especially important for the outer 
ports of the 5HP since symmetry cannot be used. In addition, the functional form assumed by 
Becker and Brown cannot be expected to remain valid for an arbitrary range of angles, but when 
directly using the probe calibration data the maximum angular range is only limited by the 
maximum angle in the dataset. Second, the probe does not have to be aligned with the mean 
flow, and finally no restrictions are placed on the turbulent velocity fluctuations other than the 
assumptions that their probability distribution function can be described by a multivariate normal 
distribution.  
It should be mentioned that this simulation technique does not account for all possible 
factors that influence five-hole probe measurements. Recall that the quasi-steady assumption 
states that if the length scale of the turbulent fluctuation is large compared to the probe tip 
dimensions then the instantaneous flow over the tip is equivalent to a steady laminar flow.
15
 
Turbulent flows are very complex with energy distributed over a wide range of length scales.
56,66
 
Except perhaps at very low Reynolds numbers the turbulent flow will almost certainly contain 
energy at scales smaller than the probe tip. How this may influence a multi-hole probe is 
unknown and is not investigated in this research. The models described above implicitly assume 
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that the 5HP measurements are true point measurements, but it is known that velocity gradients 
across the tip of the probe can affect the measurements of a 5HP. Ligrani et al.
11
 developed an 
empirical correction scheme for 5HPs in a velocity gradient. Their empirical method could be 
included in the simulation method described above but the effect of the velocity gradient is 
dependent on probe geometry and their model requires calibration of the probe in a velocity 
gradient. An additional effect that is not being included is the influence of the instantaneous 
acceleration known as the apparent-mass effect.
43,63
 Johansen and Rediniotis
63
 investigated the 
influence of acceleration on a fast-response five-hole probe and concluded that this effect is 
typically very small. 
 
5.2 Correcting Five-Hole Probe Measurements  
The method described above can be used to simulate the measurements of a five-hole 
probe in any arbitrary flowfield using only the probe calibration data. This statement will be 
validated in Chapter 6. The value of this technique is that it can be used to estimate the error in 
the 5HP measurements for a given flowfield. This section discusses the general approach for 
using the simulation technique to correct 5HP measurements. Note that the primary focus will be 
the error in the total and static pressure. When using a 5HP the total and static pressure are 
determined first and then the velocity is calculated. This means that if the total and static 
pressure are corrected then the velocity will also be corrected. In addition, the velocity can be 
measured by other methods that are not influenced by turbulence in the same way a 5HP is, and 
correcting the 5HP total and static pressure will require the velocity to be measured by a different 
method in order to determine the turbulence levels. 
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5.2.1 Turbulence-Induced Error Functions 
 The turbulence-induced error function for a given variable will be defined as the 
difference between the measured value and the true value in the flow.  
𝐸𝐶𝑝𝑡 =  𝐶𝑝𝑡,𝑚̅̅ ̅̅ ̅̅ ̅ − 𝐶𝑝𝑡,𝑡𝑟𝑢𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅ Eq. 5.18 
𝐸𝐶𝑝𝑠 =  𝐶𝑝𝑠,𝑚̅̅ ̅̅ ̅̅ ̅ − 𝐶𝑝𝑠,𝑡𝑟𝑢𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅̅    Eq. 5.19 
The turbulence induced error functions are unknown functions dependent on the local flowfield. 
 𝐸𝑉𝑎𝑟 =  𝐸𝑉𝑎𝑟(?̅?
2, ?̅?2, ?̅?2, 𝑢′2̅̅ ̅̅ , 𝑣′2̅̅ ̅̅ , 𝑤′2̅̅ ̅̅̅, 𝑢′𝑣′̅̅ ̅̅ ̅, 𝑢′𝑤′̅̅ ̅̅ ̅̅ , 𝑣′𝑤′̅̅ ̅̅ ̅̅ )  Eq. 5.20 
Where the subscript 𝑉𝑎𝑟 represents an arbitrary variable such as the total or static pressure. By 
running the 5HP simulation for a wide range of flow variables it would be possible to determine 
the error function for any flowfield but this would be impractical. Fortunately a few 
simplifications can be made. The normalized turbulence-induced error function 𝐸𝑉𝑎𝑟
∗  can be 
expressed as:  
 𝐸𝑉𝑎𝑟
∗ =  𝐸𝑉𝑎𝑟
∗ (
𝑈2
𝑉?̅?
2 ,
?̅?2
𝑉?̅?
2 ,
?̅?2
𝑉?̅?
2 ,
𝑢′2̅̅ ̅̅ ̅
𝑉?̅?
2 ,
𝑣′2̅̅ ̅̅̅
𝑉?̅?
2 ,
𝑤′2̅̅ ̅̅ ̅
𝑉?̅?
2 ,
𝑢′𝑣′̅̅ ̅̅ ̅̅
𝑉?̅?
2 ,
𝑢′𝑤′̅̅ ̅̅ ̅̅ ̅
𝑉?̅?
2 ,
𝑣′𝑤′̅̅ ̅̅ ̅̅ ̅
𝑉?̅?
2 )  Eq. 5.21 
The independent variables in the normalized error function have been normalized based on the 
local total velocity 𝑉?̅? rather than the free stream velocity 𝑈∞. This form suggests that the error 
depends on the level of turbulence relative to the local velocity rather than the freestream 
velocity, and in 6.4.1.2 it will be shown that this is true. In this form the normalized mean 
velocity components can be expressed as functions of the pitch and yaw angles, see Eqs. 5.8 to 
5.10.  
 𝐸𝑉𝑎𝑟
∗ =  𝐸𝑉𝑎𝑟
∗ (?̅?, ?̅?,
𝑢′2̅̅ ̅̅ ̅
𝑉?̅?
2 ,
𝑣′2̅̅ ̅̅̅
𝑉?̅?
2 ,
𝑤′2̅̅ ̅̅ ̅
𝑉?̅?
2 ,
𝑢′𝑣′̅̅ ̅̅ ̅̅
𝑉?̅?
2 ,
𝑢′𝑤′̅̅ ̅̅ ̅̅ ̅
𝑉?̅?
2 ,
𝑣′𝑤′̅̅ ̅̅ ̅̅ ̅
𝑉?̅?
2 )  Eq. 5.22 
Further simplifications can be made by using the analytic pressure port model discussed in 
Sections 5.1.2 and 5.1.3. Although it was shown that the analytical model suffers from a serious 
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drawback it still provides valuable qualitative information regarding the response of a 5HP. An 
important observation comes from comparing the values of the coefficients 𝐷𝑖, 𝐸𝑖 and 𝐹𝑖 which 
are the sensitives to the cross terms in Eq. 5.6. Referring to Table 5.2 for the FR5HP and Table 
5.3 for the Std5HP it can be seen that ports 2 and 3 are equally sensitive to the cross term 
(?̅??̅? + 𝑢′𝑣′̅̅ ̅̅ ̅) but the sensitivities have opposite sign. In addition, the sensitivity of ports 2 and 3 
to the cross term (?̅??̅? + 𝑢′𝑤′̅̅ ̅̅ ̅̅ ) is negligible.  Ports 4 and 5 on the other hand are equally 
sensitive to (?̅??̅? + 𝑢′𝑤′̅̅ ̅̅ ̅̅ ) but are not sensitive to (?̅??̅? + 𝑢′𝑣′̅̅ ̅̅ ̅). These observations can be 
written as 𝐷2  ≈ −𝐷3 ≈ 𝐸4 ≈ −𝐸5. These similarities result from the approximate symmetry of 
the probe. For the ideal spherical probe in potential flow, see Table 5.1, these coefficients are all 
exactly equal in magnitude. Finally it should be noted that port 1 is insensitive to all three cross 
terms and all ports are relatively insensitive to the last term (?̅??̅? + 𝑣′𝑤′̅̅ ̅̅ ̅̅ ).  
These observations are important because they can be used to argue that the 5HP 
measurements are relatively insensitive to the Reynolds shear stress terms (𝑢′𝑣′̅̅ ̅̅ ̅, 𝑢′𝑤′̅̅ ̅̅ ̅̅ , 𝑣′𝑤′̅̅ ̅̅ ̅̅ ). 
Recall from Section 4.2.2 that when processing the 5HP measurements the first steps are: 
1. Calculate 𝐶𝛼 and 𝐶𝛽 using the definitions corresponding to the correct sector.  
2. Using the calibration data determine 𝛼, 𝛽, 𝐶𝑃𝑡 and 𝐶𝑃𝑠 using either a least-squares 
curve fit or interpolation. 
3. Calculate the total and static pressure. 
The total and static pressure are calculated by rearranging the definitions of the total pressure 
calibration coefficient (𝐶𝑃𝑡) and the static pressure calibration coefficient (𝐶𝑃𝑠), respectively. 
For sector 1, this rearrangement resulted in Eq. 4.14 for total pressure and Eq. 4.15 for static 
pressure which are rewritten here in non-dimensional form. 
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 𝐶𝑝𝑡̅̅ ̅̅ = 𝐶𝑝,1̅̅ ̅̅ ̅ − 𝐶𝑃𝑡(𝐶𝛼 , 𝐶𝛽)[𝐶𝑝,1̅̅ ̅̅ ̅ − 𝐶𝑝,𝑎𝑣𝑔̅̅ ̅̅ ̅̅ ̅̅ ]    Eq. 5.23 
 𝐶𝑝𝑠̅̅ ̅̅ = 𝐶𝑝,𝑎𝑣𝑔̅̅ ̅̅ ̅̅ ̅̅ − 𝐶𝑃𝑠(𝐶𝛼 , 𝐶𝛽)[𝐶𝑝,1̅̅ ̅̅ ̅ − 𝐶𝑝,𝑎𝑣𝑔̅̅ ̅̅ ̅̅ ̅̅ ]   Eq. 5.24 
Recall that for sector 1 𝐶𝑝,𝑎𝑣𝑔̅̅ ̅̅ ̅̅ ̅̅  is the average of ports 2-5. As mentioned above, the central 
pressure port (𝐶𝑝,1̅̅ ̅̅ ̅) is insensitive to the cross terms. In addition, because of the approximations 
𝐷2  ≈ −𝐷3 ≈ 𝐸4 ≈ −𝐸5 the average pressure (𝐶𝑝,𝑎𝑣𝑔̅̅ ̅̅ ̅̅ ̅̅ ) is also insensitive to the cross terms. This 
can be viewed as the term 𝐷2 cancelling 𝐷3 and 𝐸4 cancelling 𝐸5. In Eqs. 5.24 and 5.25 the only 
remaining terms potentially influenced by the Reynolds shear stresses are the total and static 
pressure calibration coefficients, respectively, which are both functions of the pitch and yaw 
coefficients (𝐶𝛼 , 𝐶𝛽). For a flow in which the probe is aligned with the mean flow vector 
(?̅? = ?̅? = 0) the pitch and yaw coefficients are near zero, and the sensitivity of the total and 
static pressure calibration coefficients to the pitch and yaw coefficients are very small. An 
example of this is shown in Fig. 5.4 which shows the total pressure calibration coefficient of the 
FR5HP in sector 1 vs. the yaw coefficient for the calibration points when 𝛼 = 0. It can be seen 
that the slope of 𝐶𝑃𝑇 is near zero for small 𝐶𝛽. The non-dimensional Reynolds shear stresses are 
typically on the order of 0.01 and will therefore have a very small effect on the pitch and yaw 
coefficients (𝐶𝛼 , 𝐶𝛽) and a correspondingly negligible effect on 𝐶𝑃𝑇 and 𝐶𝑃𝑆. As a result, in a 
flow in which (?̅? = ?̅? = 0) the Reynolds shear stress have a negligible effect on the 5HP 
measurements.  
 It is more difficult to make general statements regarding the effects of the Reynolds shear 
stress in a 3D flow (?̅? ≠ ?̅? ≠ 0) as the result depends on many factors. If the flow angles are 
small so that (?̅? ≈ ?̅? ≈ 0) then the arguments made above are likely still valid and the 
Reynolds shear stresses can be neglected. For larger angles the portion of the cross terms made 
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up of the mean velocity components is larger than the Reynolds shear stress term. For example, 
if α = 10° and β = 10° then ?̅??̅?
𝑉?̅?
2⁄  = 0.168 which is likely to be approximately one order of 
magnitude higher than the Reynolds shear stress 𝑢′𝑣′
̅̅ ̅̅ ̅
𝑉?̅?
2⁄ ≈ 0.01, but there may be some flows in 
which the Reynolds shear stresses are higher. It will be shown that in the flows studied in this 
dissertation the Reynolds shear stress terms generally have a negligible effect on the final result. 
 The purpose of the above discussion was to simplify the expression for the general 
normalized turbulence-induced error function 𝐸𝑉𝑎𝑟
∗  in Eq. 5.22. If the Reynolds shear stresses 
can in fact be neglected then the error function can be written as: 
 
𝐸𝑉𝑎𝑟
∗ =  𝐸𝑉𝑎𝑟
∗ (?̅?, ?̅?,
𝑢′2̅̅ ̅̅ ̅
𝑉?̅?
2 ,
𝑣′2̅̅ ̅̅̅
𝑉?̅?
2 ,
𝑤′2̅̅ ̅̅ ̅
𝑉?̅?
2 )    Eq. 5.25 
Recall that 𝐸𝑉𝑎𝑟
∗  represents the general turbulence-induced error function for an arbitrary variable 
such as total pressure or static pressure. In this form the simulation method can be used to 
generate a database of values for the error function for a range of angles and turbulence 
parameters. In this form the dependence on the magnitude of the velocity vector has been 
removed making this a simpler task than using Eq. 5.20. 
For a given arbitrary variable 𝑉𝑎𝑟̅̅ ̅̅ ̅, if the normalized turbulence-induced error function 
𝐸𝑉𝑎𝑟
∗  is known then the 5HP measurements can be corrected if the flow angles and turbulent 
components are known.  
 
 𝑉𝑎𝑟𝑐̅̅ ̅̅ ̅̅ =  𝑉𝑎𝑟𝑚̅̅ ̅̅ ̅̅ ̅ +
𝑉?̅?
2
𝑈∞
2 𝐸𝑉𝑎𝑟
∗ (?̅?, ?̅?,
𝑢′2̅̅ ̅̅ ̅
𝑉?̅?
2 ,
𝑣′2̅̅ ̅̅̅
𝑉?̅?
2 ,
𝑤′2̅̅ ̅̅ ̅
𝑉?̅?
2 )    Eq. 5.26 
Where 𝑉𝑎𝑟𝑚̅̅ ̅̅ ̅̅ ̅ represents the measured variable and 𝑉𝑎𝑟𝑐̅̅ ̅̅ ̅̅  represents the corrected variable. 
Note that this is the corrected variable rather than the true variable since the simulation provides 
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a prediction of the variable but not necessarily the exact value. The corrected total pressure, 
static pressure and velocity can be written as:  
 
𝐶𝑝𝑡,𝑐̅̅ ̅̅ ̅̅ =  𝐶𝑝𝑡,𝑚̅̅ ̅̅ ̅̅ ̅ +
𝑉?̅?
2
𝑈∞
2 𝐸𝐶𝑝𝑡
∗ (?̅?, ?̅?,
𝑢′2̅̅ ̅̅ ̅
𝑉?̅?
2 ,
𝑣′2̅̅ ̅̅̅
𝑉?̅?
2 ,
𝑤′2̅̅ ̅̅ ̅
𝑉?̅?
2 )   Eq. 5.27 
 
𝐶𝑝𝑠,𝑐̅̅ ̅̅ ̅̅ =  𝐶𝑝𝑠,𝑚̅̅ ̅̅ ̅̅ ̅ +
𝑉?̅?
2
𝑈∞
2 𝐸𝐶𝑝𝑠
∗ (?̅?, ?̅?,
𝑢′2̅̅ ̅̅ ̅
𝑉?̅?
2 ,
𝑣′2̅̅ ̅̅̅
𝑉?̅?
2 ,
𝑤′2̅̅ ̅̅ ̅
𝑉?̅?
2 )  Eq. 5.28 
Note that the Reynolds shear stress terms can be included in these equations as well; however, it 
will be shown in Section 6.4.1.3 that the Reynolds shear stresses have a negligible effect on the 
measurements of standard five-hole probe. 
 
5.2.2 Generating the Turbulence-Induced Error Database 
The simulation technique described in Section 5.1.4 can be used to numerically generate 
the normalized turbulence-induced error functions 𝐸𝐶𝑝𝑡
∗  and 𝐸𝐶𝑝𝑠
∗ . For an arbitrary variable 𝑉𝑎𝑟̅̅ ̅̅ ̅ it 
is more convenient to use the simulation to generate the normalized error function 𝐸𝑉𝑎𝑟
∗  because 
the dependence on the local velocity magnitude has been eliminated. In order to run the 
simulation values of the flow angles, α and β, and the turbulence parameters must be selected. 
The primary turbulence parameters are 𝑢′2̅̅ ̅̅ , 𝑣′2̅̅ ̅̅  and 𝑤′2̅̅ ̅̅̅ but the Reynolds shear stresses (𝑢′𝑣′̅̅ ̅̅ ̅,
𝑢′𝑤′̅̅ ̅̅ ̅̅ , 𝑣′𝑤′̅̅ ̅̅ ̅̅ ) can be included as well. Recall from Section 5.1.4 that the simulation also requires 
the static pressure and mean velocity components as inputs. For the normalized simulation the 
static pressure can be set to zero and the velocity magnitude can be set to 1.0. In these conditions 
the total pressure of the simulated flow field is also equal to 1.0. After the simulation is run the 
error in the total pressure and static pressure can be calculated.  
 𝐸𝐶𝑝𝑡
∗ =  𝐶𝑝𝑡,𝑠𝑖𝑚̅̅ ̅̅ ̅̅ ̅̅ ̅ − 1.0   Eq. 5.29 
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 𝐸𝐶𝑝𝑠
∗ =  𝐶𝑝𝑠,𝑠𝑖𝑚̅̅ ̅̅ ̅̅ ̅̅ ̅ − 0  Eq. 5.30 
This process can then be repeated for other values of the flow angles and/or the turbulence 
parameters. Then the measurements of a 5HP can be corrected if the values of α and β and the 
normalized turbulence parameters (
𝑢′2̅̅ ̅̅ ̅
𝑉?̅?
2 ,
𝑣′2̅̅ ̅̅̅
𝑉?̅?
2 ,
𝑤′2̅̅ ̅̅ ̅
𝑉?̅?
2 ,
𝑢′𝑣′̅̅ ̅̅ ̅̅
𝑉?̅?
2 ,
𝑢′𝑤′̅̅ ̅̅ ̅̅ ̅
𝑉?̅?
2 ,
𝑣′𝑤′̅̅ ̅̅ ̅̅ ̅
𝑉?̅?
2 ). This process will be 
demonstrated in Section 6.5. Again note that the Reynolds shear stress terms can generally be 
neglected as will be seen in the next chapter.  
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5.3 Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.1 Comparison of the central pressure port measured by the fast-response probe, in the 
calibration setup, to the analytical model Eq. 5.6 using various ranges of the calibration data 
in the regression analysis.  
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Fig. 5.2 Comparison of pressure measured by port 2 of the fast-response probe in the 
calibration setup to the analytical model Eq. 5.6 using various ranges of the calibration data 
in the regression analysis. 
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Fig. 5.3 Port 2 pressure of the Std5HP in the calibration setup compared to the curve fit to the 
analytical model Eq. 5.6 
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Fig. 5.4 FR5HP total pressure calibration coefficient vs. yaw coefficient for Sector 1 and 
𝜶 = 0. 
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Chapter 6 
Results and Discussion 
 This chapter presents results of the experiments described in Chapter 4 and validates and 
utilizes the novel five-hole probe simulation method developed in Chapter 5. First, the 
measurement accuracy of the fast-response five-hole probe (FR5HP) and the standard five-hole 
probes (Std5HP) used in this research are assessed in a steady laminar flow. The accuracy of the 
FR5HP in a turbulent flow is then assessed by comparing it to PIV. The results from the 
experiments in described in Chapter 4 are then presented and used to quantify turbulence-
induced errors in the measurements of the Std5HPs. The simulation technique introduced in 
Chapter 5 is then validated by comparing to experimental results and this technique is used to 
conduct a study of how the various flowfield parameters affect the turbulence-induced errors. 
Then the simulation method is used to develop a correction procedure for Std5HPs. Finally, the 
influence of turbulence-induced errors on the measurement of drag from wake measurements is 
investigated.  
 Throughout this chapter the following nomenclature will be used to refer to the different 
five-hole probes. The fast-response five-hole probe will be referred to as FR5HP. As explained 
in Section 4.2.8.5 if the instantaneous port pressures measured by the FR5HP are averaged prior 
to applying the probe calibration then the FR5HP measurements can be processed as if it were a 
standard five-hole probe. These measurements will be referred to as Std5HP_1. The advantage of 
this process is that it isolates the effects of turbulence on the measured port pressures. 
Measurements were also acquired using a real standard five-hole probe with a different geometry 
than Std5HP_1, see Section 4.2.7, and these measurements will be referred to as Std5HP_2.  
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 Note that unless otherwise stated, all measurements presented in this chapter can be 
considered time-averaged and non-dimensional. In addition, the total pressure measured by the 
fast-response five-hole probe has been corrected for turbulence effect described in Section 
4.2.8.3. 
 
6.1 Five-Hole Probe Validation 
Prior to discussing the effects of turbulence on standard five-hole probes it is necessary to 
validate and assess the accuracy of the probes used in the study. This section first assesses the 
accuracy of the 5HPs in a steady laminar flow. This is followed by an assessment of the FR5HP 
performance in turbulent flowfields. 
 
6.1.1 Five-Hole Probe Accuracy in Steady Laminar Flow 
During the calibration process, described in Section 4.2.4 measurements were acquired at 
known conditions that were not included in the calibration dataset. These measurement points 
were processed using the methods discussed in 4.2. In the calibration setup the flow was 
considered laminar and steady as the freestream turbulence levels were very low (~0.1%). In 
these conditions the measurements of the FR5HP and Std5HP_1 can be considered equivalent.  
Figures 6.1 through 6.4 show the error in the yaw angle 𝛽, the total pressure coefficient 
𝐶𝑝𝑡̅̅ ̅̅ , the static pressure coefficient 𝐶𝑝𝑠̅̅ ̅̅  and the total velocity vector magnitude 𝑉?̅? 𝑈∞⁄ , 
respectively, for a range of yaw angles -60°≤ 𝛽 ≤ 60° and zero pitch angle 𝛼 = 0. In addition, 
Table 6.1 presents the root-mean-square (RMS) error for each variable over the range of angles. 
Note that the RMS was calculated using the data shown in Figs. 6.1 - 6.4 but the points at the 𝛽 = 
±60° were excluded due to the presence of data points that appear to be outliers compared to the 
rest of the data.  Over this angle range the error in the measured flow angle remained below 0.5° 
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except for a few measurements by Std5HP_2 at the extreme angles. In addition, Std5HP_2 
exhibited greater scatter in the measurements for positive yaw. The RMS of the error for the 
FR5HP (Std5HP_1) and Std5HP_2 were 0.1866° and 0.2779°, respectively. This level of 
accuracy is common for multi-hole probes.
49
 Figures 6.2 and 6.3 show that in general the error in 
the total and static pressure coefficients remained below 0.005 over the angular range shown. 
The RMS errors in 𝐶𝑝𝑡̅̅ ̅̅  measured by the FR5HP and Std5HP_1 were 0.0051 and 0.0049, 
respectively, and the RMS error in 𝐶𝑝𝑠̅̅ ̅̅  for each probe was 0.0038. The pressure coefficients 
result from non-dimensionalizing the pressure by the freestream dynamic pressure. As a result 
the RMS error in 𝐶𝑝𝑡̅̅ ̅̅  can be interpreted as 0.51% and 0.49% of the freestream dynamic pressure 
for the FR5HP and Std5HP_2, respectively. Similarly the RMS error in 𝐶𝑝𝑠̅̅ ̅̅  was 0.38% of the 
freestream dynamic pressure for each probe. Finally, the error in the velocity magnitude 𝑉?̅? 𝑈∞⁄  
of the FR5HP (Std5HP_1) remains below 0.0025 over the angle range shown, and for Std5HP_2 
the error remains below 0.005 everywhere except 𝛽 = -60°. For the FR5HP (Std5HP_1) the RMS 
error in velocity was 0.11% of the freestream velocity while for Std5HP_2 the RMS error was 
0.32% of the freestream velocity. This level of accuracy is considered normal for multi-hole 
probes. 
Table 6.1 Root-mean-square error in the flow variables measured in the calibration setup 
for the FR5HP (Std5HP_1) and Std5HP_2. -60°≤ 𝜷 ≤ 60°. 
Variable FR5HP (Std5HP_1) Std5HP_2 
𝜷 0.1866° 0.2779° 
𝑪𝒑𝒕 0.0051  (0.51% of 𝑞∞) 0.0049  (0.49% of 𝑞∞) 
𝑪𝒑𝒔 0.0038  (0.38% of 𝑞∞) 0.0038  (0.37% of 𝑞∞) 
𝑽𝒕 𝑼∞⁄  0.0011  (0.11% of 𝑈∞) 0.0032  (0.32% of 𝑈∞) 
 
6.1.2 Fast-Response Five-Hole Probe Accuracy in Turbulent Flow 
This section presents results to assess the accuracy of the FR5HP in turbulent flow. First, 
FR5HP measurements in the wake of the 2D cylinder, see Section 4.3.1, are compared to PIV 
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measurements. This is followed by results from the Turbulent Probe Angularity experiment 
described in Section 4.3.2.  
 
6.1.2.1 Fast-Response Five-Hole Probe Accuracy in 2D Cylinder Wake 
FR5HP and PIV measurements were acquired in the wake of a 2D cylinder at 
downstream locations of 𝑥/𝐷 of 5 and 10 and Reynolds number of 75x103. Figures 6.5 and 6.6 
compare the streamwise velocity measured by the FR5HP and PIV at 𝑥/𝐷 = 5 and 𝑥/𝐷 = 10, 
respectively. Overall the agreement in the mean velocity between the two methods is very good. 
For 𝑥/𝐷 = 5 a maximum relative difference between the two techniques of approximately 1.9% 
was located at 𝑦/𝐷 ≈ 0.72. This difference can also be stated as 1.6% of the freestream velocity. 
Good agreement between the FR5HP and PIV was also observed for 𝑥/𝐷 = 10 but there was 
increased error in the central portion of the wake -0.5 ≤ 𝑦 𝐷⁄ ≤ 0.5 where the PIV measured a 
higher velocity. A maximum relative difference of 2.1% was located on the centerline of the 
wake. This error was equivalent to 1.7% of the freestream velocity. 
 Figures 6.7 and 6.8 compare the RMS values of the axial (𝑢′) and transverse (𝑣′) 
fluctuations measured by the FR5HP and PIV at 𝑥/𝐷 = 5 and 𝑥/𝐷 = 10, respectively. Relative to 
what was observed for the mean velocity, the difference in the turbulent statistics is much higher. 
At both downstream locations it can be seen that the FR5HP underpredicted the strength of the 
turbulent fluctuations relative to the PIV although the shape of the curves are very similar. The 
maximum differences between the two measurements occurred near the central region of the 
wake -0.5 ≤ 𝑦 𝐷⁄ ≤ 0.5. Table 6.2 lists the relative differences in the measurements of the RMS 
turbulent fluctuations on the centerline of the wake. Both the percent difference relative to the 
PIV measurement and to the freestream velocity are listed. At 𝑥/𝐷 = 5 the differences relative to 
the PIV in the axial and transverse fluctuations are nearly equal although the absolute difference, 
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relative to 𝑈∞, of the axial fluctuation is smaller. Further downstream at 𝑥/𝐷 = 10 the difference 
in the axial fluctuation has increased while the difference in the transverse fluctuation was 
considerably reduced.  
Table 6.2 Relative differences in the RMS of the turbulent fluctuations measured at the 
wake centerline by the FR5HP and the PIV at two downstream locations. Re = 75x10
3
.  
 
Difference Relative to PIV Difference Relative to 𝑼∞ 
𝒙 𝑫⁄  = 5 𝒙 𝑫⁄  = 10 𝒙 𝑫⁄  = 5 𝒙 𝑫⁄  = 10 
Axial 7.4% 13.5% 1.7% 2.6% 
Transverse 7.8% 3.1% 3.5% 0.8% 
 
It is not entirely clear what caused the discrepancy in the turbulence parameters measured 
by the different methods but there are a variety of potential causes. One possible contributing 
factor was the difference in spatial resolution between the two techniques. The resolution of the 
PIV was roughly one order of magnitude higher than the FR5HP, the spacing between PIV 
vectors was smaller than the FR5HP probe tip diameter by a factor of 12. The effect of resolution 
was investigated by spatially averaging the instantaneous PIV vector fields over a 10x10 pixel 
window prior to performing the time average. The results of this spatial averaging on the 
turbulence measured by the PIV at 𝑥/𝐷 = 5 are shown in Fig. 6.9. Overall the effect was 
relatively minor. Relative to the high-resolution PIV measurement, the spatial averaging reduced 
the axial and turbulent RMS fluctuations on the wake centerline by 3.5% and 0.97%, 
respectively. It should be noted that it is unreasonable to expect that the larger size of the probe 
could be modeled by simply spatially averaging instantaneous PIV vectors because this process 
does not account for any distortion caused by the presence of the probe. The effect of FR5HP 
calibration range was also investigated. The FR5HP was calibrated to a maximum angle of 65.0° 
so if the angle of any instantaneous vector measured by PIV exceeded 65° it was excluded from 
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the average. This had a negligible effect as even in the region of highest turbulence only ~1.5% 
of the vectors fell outside of the FR5HP calibration range. There are other possible factors 
affecting the FR5HP measurements such as probe and probe support interference as well as 
possible unsteady effects such as vortex shedding.  
In addition to measuring the Reynolds normal stresses (𝑢′2̅̅ ̅̅ , 𝑣′2̅̅ ̅̅ , 𝑤′2̅̅ ̅̅̅) the FR5HP was 
capable of measuring the Reynolds shear stresses (𝑢′𝑣′̅̅ ̅̅ ̅, 𝑢′𝑤′̅̅ ̅̅ ̅̅ , 𝑣′𝑤′̅̅ ̅̅ ̅̅ ). Figures 6.10 and 6.11 
compare the Reynolds shear stress measured by the FR5HP and PIV at 𝑥/𝐷 = 5 and 10, 
respectively. Note that 2D planar PIV, unlike the FR5HP, is only able to measure 𝑢′𝑣′̅̅ ̅̅ ̅ but on the 
2D cylinder wake the correlations 𝑢′𝑤′̅̅ ̅̅ ̅̅  and 𝑣′𝑤′̅̅ ̅̅ ̅̅  should be zero. Unlike the RMS of the turbulent 
fluctuations the agreement between the FR5HP and PIV for the Reynolds shear stress 𝑢′𝑣′̅̅ ̅̅ ̅ was 
excellent at both streamwise locations. The reason for the improved agreement in the 
measurements of the Reynolds shear stresses as opposed to the normal stresses is unclear. One 
possibility may be that in this flowfield, the correlation 𝑢′𝑣′̅̅ ̅̅ ̅ is dominated by the large-scale von 
Karman vortices that are formed in the wake of the cylinder. The length scale of these vortices is 
likely larger than the probe tip and as a result the probe adequately resolves these features 
without distortion.  
Overall the results presented in this section suggest that the FR5HP is capable of 
adequately measuring the turbulence for the purpose of this research. In addition, the strong 
agreement in the mean velocity implies that the total and static pressure are measured properly in 
the turbulent flow. Gaining a better understanding of the performance of a FR5HP in a turbulent 
flowfield would be valuable but is outside the scope of the current research.  
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6.1.2.2 Fast-Response Five-Hole Probe Accuracy in Turbulent Probe Angularity Setup 
Section 4.3.2 described the Turbulent Probe Angularity (TPA) experiment. In this 
experiment the FR5HP was placed in the wake of a finite aspect ratio (AR) cylinder while 
mounted in the 5HP calibration setup. With this setup it was possible to keep the probe tip in the 
same location within the 3D cylinder wake but change the angle of the probe relative to the local 
flow. Figures 6.12 through 6.14 show the yaw angle 𝛽, the total pressure coefficient and static 
pressure coefficient as a function of the FR5HP angle relative to the flow 𝜃𝑝𝑟𝑜𝑏𝑒, respectively. 
Results are shown for the probe at 8 and 12 diameters downstream from the cylinder. 
Measurements were acquired in the range -60.0° ≤  𝜃𝑝𝑟𝑜𝑏𝑒  ≤ 0° where 𝜃𝑝𝑟𝑜𝑏𝑒 is the angle of the 
probe relative to the tunnel axis. When 𝜃𝑝𝑟𝑜𝑏𝑒 is zero the probe is parallel to the freestream in the 
empty tunnel. Note that in the plots the x-axis is the absolute value of the probe angle. The 
measurements acquired at 𝜃𝑝𝑟𝑜𝑏𝑒 = 0 represent the conditions at this point in the flow and are 
summarized in Table 6.3 which lists several of the important flow conditions. For each 
downstream location there is a slight offset in the yaw angle of approximately -0.4°. A large 
downwash, represented by the negative pitch angle 𝛼, was the result of the trailing vortex system 
created by the free end, see Fig. 4.19. At this point in the flow the turbulence levels were similar 
to those measured on the centerline of the 2D cylinder wake at 𝑥/𝐷 = 10 which are 
representative of many flows.  
Table 6.3 List of important flow variables at the measurement point in the Turbulent 
Probe Angularity experiment. 
𝒙 𝑫⁄  𝜷 𝜶 𝑪𝒑𝒕̅̅ ̅̅  𝑪𝒑𝒔̅̅ ̅̅̅ 𝒖′𝒓𝒎𝒔̅̅ ̅̅ ̅̅ ̅ 𝑼∞⁄  𝒗′𝒓𝒎𝒔̅̅ ̅̅ ̅̅ ̅ 𝑼∞⁄  𝒘′𝒓𝒎𝒔̅̅ ̅̅ ̅̅ ̅̅ 𝑼∞⁄  
8.0 -0.40 -9.89 0.424 -0.117 0.145 0.211 0.168 
12.0 -0.48 -7.60 0.641 -0.081 0.113 0.154 0.135 
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It should be noted that as the angle of the probe is changed the values of the turbulent 
fluctuations relative to the probe axis change. For example, a portion of the fluctuations along 
the tunnel axis will be seen as transverse fluctuations relative to the probe. 
In Fig. 6.12 it can be seen that the measurement of the yaw angle by the FR5HP depends 
on the angle of the probe relative to the flow and the turbulence level. At 𝑥/𝐷 = 12 the error in 
the measured yaw angle reaches 1.0° at approximately 𝜃𝑝𝑟𝑜𝑏𝑒  ≈  35.0°, but at 𝑥/𝐷 = 8 the error 
reaches 1.0° at approximately 𝜃𝑝𝑟𝑜𝑏𝑒  ≈  20.0°. Beyond these values of 𝜃𝑝𝑟𝑜𝑏𝑒 the error in the 
measured 𝛽 increases, note that the magnitude of the measured angle decreases. At 𝜃𝑝𝑟𝑜𝑏𝑒 = 
65.0° there error in yaw is approximately 5° and 10° for measurements at 𝑥/𝐷 = 12 and 8.0, 
respectively. Interesting behavior is also observed in the measurements of 𝐶𝑝𝑡̅̅ ̅̅  and 𝐶𝑝𝑠̅̅ ̅̅  seen in 
Fig. 6.13 Fig. 6.14, respectively. The total and static pressure are both scalar quantities with 
magnitudes independent of the coordinate system. As a result the value of these quantities 
measured by a 5HP should not change as the angle of the probe changes. In both cases the 
FR5HP measured relatively constant values of 𝐶𝑝𝑡̅̅ ̅̅  and 𝐶𝑝𝑠̅̅ ̅̅  until 𝜃𝑝𝑟𝑜𝑏𝑒  ≈  30.0° at which point 
both values began to decrease. Note that the magnitude of  𝐶𝑝𝑠̅̅ ̅̅  increases.  
Recall that in a steady laminar flow the FR5HP was able to measure these quantities 
accurately over the entire calibration range, see Figs. 6.1 – 6.4. The difference in the TPA 
experiment is that for a given sampling time the angle is not constant. Figure 6.16 shows a 
histogram of 𝛽 measured by the FR5HP at 𝜃𝑝𝑟𝑜𝑏𝑒 = 0 and 𝑥/𝐷 = 8. It can be seen that the 
majority of the measurements were within ±40.0° but there are instantaneous angles all the way 
to ±60.0°. As the probe angle increases this histogram shifts to the right and more of the 
instantaneous vectors occur at larger angles relative to the probe and this results in two problems. 
First, the calibration points are more sparsely spaced at high angles, see Fig. 4.6, likely resulting 
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in reduced accuracy in the measurements of the instantaneous vectors. Second, as the histogram 
shifts right more of the points begin to fall outside of the calibration range. If the angle is only 
slightly outside of the calibration range then the processing software is likely able to recognize 
this and exclude these points, but an error in the average angle will still result because the far 
right side of the histogram is being removed which would shift the calculated angle towards a 
lower value. At very large angles if there is a large amount of separation there could be a drastic 
change in the pressure distribution that the software may no longer realize is out of the 
calibration range resulting in incorrect measurements. At lower levels of turbulence this effect 
should be reduced as the maximum angle due to the fluctuations would be less.  
 
6.1.2.3 Summary of Fast-Response Five-Hole Probe Accuracy   
Overall the results of this section demonstrate that the FR5HP is capable of obtaining 
accurate measurements in turbulent flow but there are certainly limitation regarding its accuracy. 
The results of the laminar calibration check demonstrate that in a laminar flow the performance 
of the FR5HP is no different than a Std5HP. The 2D cylinder wake measurements suggest that 
there may be limitations on the maximum level of turbulence the probe can measure which is 
also a problem for techniques such as hot wires. There may also be other contributing factors 
such as the distribution of turbulent energy over a range of length scales smaller than the probe 
and unsteady effects such as vortex shedding. The results of the Turbulent Probe Angularity 
experiment suggest that there are limits to the useable range of a FR5HP that depend on the local 
average angle as well as the turbulent levels. However, flows with very large mean angles 
(𝛼 𝑜𝑟 𝛽 > 30°) and large turbulent levels are not common. 
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6.2 Measurements of Turbulence Induced Errors in Turbulent Wakes  
This section will investigate the effects of turbulence on the measurement of standard 
five-hole probes. Results from the various experiments described in Chapter 4 are presented and 
discussed. The results demonstrate that the measurements of standard five-hole probes can be 
significantly influenced by the turbulence in the flow. Note that for the results presented in this 
chapter the measurements of the FR5HP will be considered correct and will be used a reference 
for quantifying the turbulence-induced error in the standard probes.   
 
6.2.1 2D Cylinder Wake Survey Results 
Figures 6.16 through 6.19 show the RMS of the turbulent fluctuations in the wake of the 
circular cylinder at 𝑥/𝐷 = 5, 10, 15 and 20. The Reynolds number based on cylinder diameter 
was 75x10
3
. As expected the turbulence levels decay and the width of the wake increases as it is 
convected downstream. The largest decrease in turbulence occurs between 5 and 10 diameters 
downstream. At 𝑥/𝐷 = 5 the turbulence was clearly anisotropic as the RMS of the transverse 
fluctuation 𝑣′𝑟𝑚𝑠 was nearly twice as high as the axial fluctuations 𝑢′𝑟𝑚𝑠. As the wake was 
convected downstream the values begin to asymptotically approach each other. It will be shown 
below that relative levels of 𝑢′𝑟𝑚𝑠and 𝑣′𝑟𝑚𝑠 are important because they have competing effects 
on the turbulence-induced error. 
Figures 6.19 through 6.30 show the measurements of the three 5HPs in the 2D cylinder 
wake for downstream locations of 𝑥/𝐷 = 5, 10, 15 and 20. Recall that Std5HP_1 refers to the 
result of processing the FR5HP measurements as a Std5HP using the method discussed in 
Section 4.2.8.5. Figures 6.19 through 6.21 show the measurements of 𝐶𝑝𝑡̅̅ ̅̅ , 𝐶𝑝𝑠̅̅ ̅̅  and ?̅? 𝑈∞⁄ , 
respectively at 𝑥/𝐷 = 5. The corresponding results for 𝑥/𝐷 = 10, 15 and 20 are shown in Figs. 
6.22 - 6.24, 6.25 - 6.27 and 6.28 - 6.30, respectively. Note that Fig. 6.22, which shows 𝐶𝑝𝑡̅̅ ̅̅  at 
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𝑥/𝐷 = 10, also includes measurements from the tapered Pitot probe and chamfered Pitot probe 
used by Lu and Bragg,
14
 see Fig. 2.3. At 𝑥/𝐷 = 20 measurements with Std5HP_2 were not 
acquired. 
The results of the 2D cylinder wake surveys demonstrate that the turbulence-induced 
errors can be significant. The maximum errors in the measured quantities were found at 𝑥/𝐷 = 5 
where the turbulence levels were highest. At this location both standard 5HPs agreed well with 
each other but measured a lower total pressure in the central portion of the wake -0.5 ≤ 𝑦 𝐷⁄ ≤ 
0.5 with maximum errors of approximately 13% of 𝑞∞. The error relative to the correct total 
pressure, measured by the FR5HP, was approximately 60%. Outside of the central region of the 
wake the total pressure measured by the two standard 5HPs matched the FR5HP measurement 
relatively well. The error in the static pressure coefficient at 𝑥/𝐷 = 5 was considerably larger, 
with maximum errors of -25.9% and -19.4% of 𝑞∞ measured by Std5HP_1 and Std5HP_2, 
respectively. The corresponding errors relative to the FR5HP measurement were -81.6% and -
62.9% for Std5HP_1 and Std5HP_2, respectively. Note that while the error is negative the 
magnitude of the measured static pressure was increased by the turbulence unlike the total 
pressure which was reduced. Also unlike the error in total pressure, the static pressure error was 
observed throughout the entire wake as opposed to just the central region. When using a 5HP the 
total and static pressure are determined first and then the velocity is calculated using Bernoullli’s 
equation, see Eq. 4.16. As a result the errors in total and static pressure will propagate into the 
calculation of the velocity which can be seen in Fig. 6.21 for 𝑥/𝐷 = 5. Throughout the entire 
wake both standard 5HPs measured a higher velocity, with centerline errors of +7.9% and +4.1% 
of 𝑈∞ for Std5HP_1 and Std5HP_2, respectively. The errors relative to the FR5HP were 10.7% 
and 6.1%. The measurements of streamwise velocity are consistent with the seven-hole probe 
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measurements in the wake of a circular cylinder by Takahashi
18
 who noted a centerline error of 
approximately +6% of  𝑈∞. As with the static pressure, the error in the velocity is observed 
throughout the entire wake, which was expected given that the static pressure was used to 
calculate the velocity.  
The measurements at 𝑥/𝐷 = 10, 15 and 20 show that the turbulence-induced errors 
became smaller as the wake convected downstream due to the reduced levels of turbulence. 
Table 6.4 lists the turbulence-induced error in total and static pressure on the wake centerline 
(𝐸𝐶𝑝𝑡,𝐶𝐿 ,  𝐸𝐶𝑝𝑠,𝐶𝐿) for both standard 5HPs at the four downstream locations. The errors are listed 
as a percentage of the freestream dynamic pressure 𝑞∞. Table 6.5 lists the turbulence-induced 
error in the velocity on the centerline of the wake for the different downstream locations as a 
percentage of 𝑈∞. The total pressure in particular shows relatively small errors at the 
downstream locations greater than 5 diameters. Figure 6.22 also includes measurements from the 
tapered Pitot probe and chamfered Pitot of Lu and Bragg.
14
 The tapered Pitot probe measurement 
agreed well with the 5HPs while the chamfered probe measured a higher total pressure with the 
error on the centerline of approximately 11.5% of 𝑞∞. Recall that the chamfered Pitot probe 
captures all of the turbulent dynamic pressure resulting in significant error, see Eq. 2.6. The 
trends in total pressure observed here are similar to those observed by Lu
24
 also in the wake of a 
2D cylinder. Lu
24
 found that a tapered Pitot probe and a Pitot probe with a rounded tip registered 
relatively littler error in the total pressure at downstream locations ranging from 8 to 16 
diameters. It should be noted that while the measurements of total pressure by the two Std5HPs 
matched each other, and showed relatively little error for 𝑥 𝐷⁄ >5, in the 2D cylinder wake this 
is not expected to be a general result. There will be circumstances under which the total pressure 
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measured by the two probes will not agree with each other and it will be shown that the error 
depends on the relative ratio of axial and transverse turbulent kinetic energy.  
While the error in the total pressure was relatively small for 𝑥/𝐷 = 10, 15 and 20 the 
errors in static pressure and velocity were still significant. At 15 diameters downstream 
centerline errors in static pressure of -8.1% and -4.5% of 𝑞∞ were observed for Std5HP_1 and 
Std5HP_2, respectively. The corresponding errors in velocity were +5.7% and +5.9% of 𝑈∞. The 
same trends observed at 5 diameters were observed further downstream. The magnitude of the 
static pressure and the velocity was increased throughout the entire wake and the error in 
Std5HP_1 was larger than Std5HP_2.  The fact that the error in static pressure and velocity was 
observed throughout the entire wake, rather than just the central portion, suggests that the 
turbulence-induced errors will have a large impact on the drag measurement derived from 
integrating the pressure and momentum throughout the wake.  
 
Table 6.4 Turbulence-induced error in total and static pressure measured by the standard 
five-hole probes on the wake centerline for different streamwise locations. Error listed as 
% of freestream dynamic pressure. 
 Std5HP_1 Std5HP_2 
𝒙/𝑫 𝑬𝑪𝒑𝒕,𝑪𝑳 (% of 𝒒∞) 𝑬𝑪𝒑𝒔,𝑪𝑳 (% of 𝒒∞) 𝑬𝑪𝒑𝒕,𝑪𝑳 (% of 𝒒∞) 𝑬𝑪𝒑𝒔,𝑪𝑳 (% of 𝒒∞) 
5 -13.7% -25.9% -13.1% -19.4% 
10 -1.2% -13.9% 2.2% -8.4% 
15 +1.0% -8.1% +5.1% -4.5% 
20 +1.4% -5.0% ------- ------- 
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Table 6.5 Error in the velocity measured by the standard five-hole probe, relative to 
FR5HP, on the center line of the cylinder wake for different downstream locations. Error 
listed as % of freestream velocity. 
𝒙/𝑫 Std5HP_1 Std5HP_2 
5.0 +7.9% +4.1% 
10.0 +7.1% +3.1% 
15.0 +5.7% 5.9% 
20.0 +3.8% ------- 
 
6.2.2 Turbulent Probe Angularity Experimental Results 
In the Turbulent Probe Angularity Experiment the FR5HP was mounted in the calibration 
setup and a finite aspect ratio (AR) cylinder was mounted upstream of the probe, see Section 
4.3.2. By processing the FR5HP measurements as a Std5HP it was possible to quantify the 
turbulence induced errors in a 3D flow over a range of angles. This effective standard 5HP is 
referred to as Std5HP_1. Note that no measurements with Std5HP_2 were acquired in this setup. 
The yaw angle 𝛽 measured by the FR5HP and Std5HP_1 at both 𝑥 𝐷⁄  = 8 and 12 is shown in 
Fig. 6.31 in the probe angle range 0° ≤ 𝜃𝑝𝑟𝑜𝑏𝑒 ≤ 30°, where 𝜃𝑝𝑟𝑜𝑏𝑒 is the angle of the probe 
relative to the tunnel axis. Measurements are only shown up to 30° because beyond that point the 
accuracy of the FR5HP began to suffer due to rising number of instantaneous points outside of 
the calibration range, refer to Section 6.1.2.2. Over the range of 𝜃𝑝𝑟𝑜𝑏𝑒 shown the yaw angle 
measured by Std5HP_1 is either as accurate or more accurate than the FR5HP. For example, at 
𝜃𝑝𝑟𝑜𝑏𝑒 = 30° the error in the yaw angle measured by the FR5HP was 1.7° and 0.8° at 𝑥 𝐷⁄  = 8 
and 12, respectively. The error in the Std5HP_1 measurement was 0.17° and 0.22° at 𝑥 𝐷⁄  = 8 
and 12, respectively. Recall that Std5HP_1 is the result of time averaging the port pressures from 
the FR5HP prior to applying the probe calibration. When processing the instantaneous 
measurements of the FR5HP certain points will fall outside of the calibration range and these 
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points will all be in the tail of the pdf of the instantaneous yaw angle, see Fig. 6.15. As a result 
the average angle measured by the FR5HP will be reduced, see Fig. 6.16, but even though these 
points fall outside of the calibration range the instantaneous pressure is still measured so that 
when the port pressures are time-averaged the calibration range is not a problem. Although the 
results of the TPA experiment showed minimal effects of turbulence on the angle measured by a 
Std5HP this will not always be the case as the error in the 5HP measurements depends on many 
factors.  
The total and static pressure, measured by the FR5HP and Std5HP_1 in the TPA setup, 
are compared in Fig. 6.32 and Fig. 6.33, respectively. At 𝜃𝑝𝑟𝑜𝑏𝑒 = 0° the Std5HP_1 measured a 
lower total pressure with errors of -3.5% and -1.0% of 𝑞∞ at 𝑥 𝐷⁄  = 8 and 12, respectively. The 
corresponding errors in the static pressure were -9.3% and -5.9% of 𝑞∞ at 𝑥 𝐷⁄  = 8 and 12, 
respectively. As 𝜃𝑝𝑟𝑜𝑏𝑒 increased from 0° to 30° the error in the total pressure measured by 
Std5HP_1 increased slightly from -3.5% to -4.8% at 𝑥 𝐷⁄  = 8 and from -1.0% to -1.7% at 𝑥 𝐷⁄  = 
12. The error in the static pressure remained relatively constant until 𝜃𝑝𝑟𝑜𝑏𝑒  ≈ 0° when the static 
pressure measured by Std5HP_1 began to rise (became less negative). The reason for this 
behavior is unclear but was also observed, to a lesser extent, in the measurement of static 
pressure by the FR5HP at 𝑥 𝐷⁄  = 12. Overall, in the range 0° ≤ 𝜃𝑝𝑟𝑜𝑏𝑒  ≤ 15° the angle of the 
probe does not appear to have a significant effect on the turbulence induced error. In addition, 
the magnitude and direction of the errors observed in the total pressure were consistent with the 
trends observed in the wake of the 2D cylinder. The magnitude of the errors in the TPA 
experiment are comparable to the errors on the centerline of the 2D cylinder wake at 𝑥 𝐷⁄  = 15 
and 20 which had similar levels of turbulence. 
 
 143  
 
6.2.3 Finite AR Cylinder Wake Survey  
6.2.3.1 AR = 3 Cylinder Mean Flowfield 
This last section prior to demonstrating the simulation method introduced in Section 5.1.4 
will present 5HP measurements in the wakes of two finite aspect ratio cylinders. The 
experimental setup was described in Section 4.3.3. The total pressure measured by the FR5HP in 
the wake of the AR = 3 cylinder is shown in Fig. 6.34. The total pressure is represented by a 
contour plot while the transverse (in-plane) velocity components are represented by the vectors. 
The FR5HP measurements show a large region of total pressure loss as well as the trailing vortex 
system formed due to flow separation at the free end of the cylinder. A minimum total pressure 
coefficient of approximately 0.3 was measured which occurred in the central portion of the wake 
below 1 diameter from the tunnel floor. It should be noted that this region likely is the result of 
the interaction of the tunnel floor boundary layer and the cylinder. At this Reynolds number the 
boundary layer on the tunnel floor is approximately 0.5-in. or ½ of the cylinder diameter.
67
  
The two trailing vortices created a region of downwash which can also be seen clearly in 
the contour plot of the pitch angle in Fig. 6.35. A maximum downwash angle of approximately -
9° was measured while the upwash angle reached a maximum value of approximately 3°. The 
yaw angle is shown in the contour plot of Fig. 6.36 where it can be seen that maximum values of 
𝛽 were approximately ±3°. Due to the low aspect ratio of this cylinder the wake is qualitatively 
different from that of the 2D cylinder discussed above.  
The FR5HP was also used to measure the turbulence in the finite AR wake. Contour plots 
of the RMS values of the three velocity components are shown in Fig. 6.37 – 6.39. The 
streamwise fluctuation (𝑢′𝑟𝑚𝑠) was maximum in and below the cores of the trailing vortex 
system and the RMS value reached a maximum of approximately 12% of 𝑈∞. The horizontal 
transverse fluctuation (𝑣′𝑟𝑚𝑠) reached a maximum value of 16% of 𝑈∞ in the region below and 
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in-between the trailing vortices and the vertical transverse component (𝑤′𝑟𝑚𝑠) attained a 
maximum of approximately 15% of 𝑈∞ in the same area.  
 
6.2.3.2 AR = 5 Cylinder Mean Flowfield 
Measurements were also acquired in the wake of a AR = 5 finite cylinder. The total 
pressure of the higher AR cylinder is shown in Fig. 6.40 along with vectors representing the 
transverse velocity components. In this wake a minimum total pressure coefficient of 0.3 was 
measured over the region -1 ≤ 𝑦 𝐷⁄ ≤ 1 and 𝑧 𝐷⁄ ≤ 2.  
The vector field in Fig. 6.40 shows a clear area of downwash, which was also seen in the 
contour plot of the pitch angle 𝛼 in Fig. 6.41, but the trailing vortices did not appear to be as well 
formed as in the lower AR cylinder wake. The contour plots of 𝛼 in Fig. 6.41 and 𝛽 in Fig. 6.42 
show that the maximum flow angles were approximately the same as in the lower AR cylinder 
wake. The maximum downwash angle was ~ -9° while the upwash angle at the edges of the 
wake reached maximum values of approximately 3°. 
The RMS of the turbulent fluctuations for the AR = 5 cylinder are shown in Fig. 6.43 – 
6.45. The distributions of the RMS turbulent fluctuations were qualitatively similar to those of 
the AR = 3 cylinder but the levels measured in the wake of the AR = 5 cylinder were slightly 
higher than in the AR = 3 cylinder. The RMS of the streamwise fluctuation reached a maximum 
value of ~16% of 𝑈∞ in the lower portion of the wake. A relatively large region within the wake, 
-1 ≤  𝑦 𝐷⁄ ≤ 1 and 𝑧 𝐷⁄ ≤ 2.5, contained high values of the horizontal transverse fluctuation of 
approximately 18-20% of 𝑈∞. The vertical transverse component attained a maximum of 
approximately 17% of 𝑈∞ in the area directly below the maximum downwash. These maximum 
values of turbulence in both the AR = 3 and 5 wake are comparable to those seen on the 
centerline of the 2D cylinder wake for  𝑥 𝐷⁄  = 15 and 20.  
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6.2.3.3 Standard Five-Hole Probe Errors in AR = 3 Cylinder Wake 
This section presents the measurements of the Std5HP_1 and Std5HP_2 in the AR = 3 
cylinder wake. The results are presented as the difference between the measurement of the 
standard probe and the fast-response probe data which was presented in Section 6.2.3.1. These 
results can be thought of as the turbulence-induced error in the measurements of the Std5HP, see 
Section 5.2.1, however it is important to note that other factors may also contribute to the 
difference between the two probes. This is especially true for the differences between the FR5HP 
and Std5HP_2 since these two are physically different probes with different, see Fig. 4.9 and Fig. 
4.10. Recall that Std5HP_1 is the result of processing the FR5HP measurements as if it were a 
standard five-hole probe, as explained in Section 4.2.8.5. This method isolates the effects of the 
turbulence contamination of port pressures. 
Table 6.6 provides a list of maximum errors measured by the two standard 5HPs in the 
AR = 3 wake. The difference in the total pressure measured by Std5HP_1 and the FR5HP in the 
AR = 3 cylinder wake is shown in Fig. 6.46 while the corresponding error in the measurements 
of Std5HP_2 are shown in Fig. 6.47. Note that Fig. 6.46 and Fig. 6.47 do not use the same scale 
for the contours so that errors in both probes can be adequately seen. The total pressure error 
measured by Std5HP_1 was in the range of approximately -2.0% to +1.0% of 𝑞∞ while the error 
in Std5HP_2 measurements were considerably higher in the range of approximately -5.0% to 
+5.0% of 𝑞∞. The error of Std5HP_2 also appeared to contain more noise than Std5HP_1. In the 
central region of the wake, 𝑦 𝐷⁄  = 0 and 𝑧 𝐷⁄ ~ 1 both probes measured a total pressure below 
that of the FR5HP while in the outer region of the wake the Std5PHs measured a higher total 
pressure. This observation suggests that there are at least two competing effects, one which 
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increases the total pressure and another that decreases the total pressure measured by a standard 
probe. This will be confirmed below in Section 6.4.1.4. 
 The error in static pressure for Std5HP_1 and Std5HP_2 is shown in Fig. 6.48 and Fig. 
6.49, respectively, while the corresponding errors in streamwise velocity are shown in Fig. 6.50 
and Fig. 6.51. As was observed in the 2D cylinder wake and the Turbulent Probe Angularity 
experiment the standard 5HPs only measure a more negative (higher magnitude) static pressure 
compared to the FR5HP and this error was typically a larger percentage of the dynamic pressure 
than the error in the total pressure. The larger static pressure error resulted in a positive error in 
the streamwise velocity. In addition, Std5HP_1 registered a larger error in the static pressure, 
consistent with the 2D cylinder wake measurements. For both standard 5HPs the error in static 
pressure contained two local maximums located approximately at 𝑦 𝐷⁄ ≈ ± 1 and 𝑧 𝐷⁄  ≈ 1.  
 The error in the pitch angle measured by the Std5HP_1 and Std5HP_2 are shown in Fig. 
6.52 and Fig. 6.53, respectively. The corresponding errors in the yaw angle are shown in Fig. 
6.64 and Fig. 6.65. These results, and Table 6.6, show that the error in the angles fell in the range 
of approximately ±2°. For Std5HP_1 the error in 𝛼 and 𝛽 appear to be concentrated in and below 
the cores of the trailing vortices. The results for Std5HP_2 are harder to interpret. The error in 𝛼 
measured by Std5HP_2, shown in Fig. 6.53, reaches maximum values outside of the viscous 
wake which suggests there may have been a misalignment between the FR5HP and Std5HP_2 
during the wake survey. Any misalignment would affect the measured angles but have relatively 
little influence on the measured total and static pressure. Table 6.6 also lists the maximum errors 
in the transverse velocity components ?̅? and ?̅?. Relative to the freestream velocity the errors in 
the transverse components were generally smaller than the error in ?̅?, but the transverse velocity 
components were significantly smaller than ?̅?. 
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Table 6.6 The maximum errors in the measurements of the Std5HP_1 and Std5HP_2 
relative to the FR5HP measurements in the AR = 3 cylinder wake. 
Variable Std5HP_1 Std5HP_2 
𝑪𝒑𝒕̅̅ ̅̅  (% of 𝒒∞) -1.7% +4.9% 
𝑪𝒑𝒔̅̅ ̅̅̅ (% of 𝒒∞) -8.2% -4.5% 
?̅? 𝑼∞⁄  (% of 𝑼∞) +4.7% +5.1% 
?̅? 𝑼∞⁄  (% of 𝑼∞) +2.0% +3.1% 
?̅̅̅? 𝑼∞⁄  (% of 𝑼∞) +2.3% +2.6% 
𝜶 (deg.) +1.2° +1.6° 
𝜷 (deg). +1.9° +2.5 
 
 
6.2.3.4 Standard Five-Hole Probe Errors in AR = 5 Cylinder Wake 
This section discusses the errors in the measurements of Std5HP_1 in the AR = 5 
cylinder wake. Note that only the error in Std5HP_1 is presented. The results are presented as the 
difference between the measurement of the standard probe and the fast-response probe data 
which was presented in Section 6.2.3.1. The distribution in the errors throughout the wake were 
qualitatively similar to those observed in the AR = 3 wake, but the magnitude of the maximum 
errors in the AR = 5 wake were in general slightly higher due to the higher levels of turbulence. 
The error in total pressure, shown in Fig. 6.56, was negative in the central region of the wake 
with the largest error located approximately at 𝑦 𝐷⁄ ~ 0 and 𝑧 𝐷⁄ ~ 1.5. Near the outer edges of 
the wake the error in total pressure became positive. The static pressure error, shown Fig. 6.57, 
was again only negative with errors on the order of -10% throughout a large region in the wake. 
The large error in static pressure resulted in a positive error in the velocity throughout the entire 
wake. Compare to the results of the AR = 3 wake the errors in static pressure and velocity were 
more concentrated along the centerline (𝑦 𝐷⁄  = 0) of the AR = 5 wake. The distribution of the 
errors in the pitch and yaw angles were very similar to those observed in the AR = 3 wake being 
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located in and below the cores of the trailing vortices shown in Fig. 6.59 and Fig. 6.60, 
respectively. 
 
Table 6.7 The maximum errors in the measurements of the Std5HP_1 relative to the 
FR5HP measurements in the AR = 5 cylinder wake. 
Variable Std5HP_1 
𝑪𝒑𝒕̅̅ ̅̅  (% of 𝒒∞) -3.4% 
𝑪𝒑𝒔̅̅ ̅̅̅ (% of 𝒒∞) -9.9% 
?̅? 𝑼∞⁄  (% of 𝑼∞) +6.0% 
?̅? 𝑼∞⁄  (% of 𝑼∞) -2.3% 
?̅̅̅? 𝑼∞⁄  (% of 𝑼∞) +2.1% 
𝜶 (deg.) +1.7° 
𝜷 (deg). -3.2° 
 
 
6.3 Simulating the Effects of Turbulence on Five-Hole Probes 
The previous section presented experimental results to compare the measurements of two 
different standard five-hole probes to the measurements of a fast-response five-hole probe in 
turbulent flow. The measurements demonstrated the potential for significant error in the 
measurements of a Std5HP due to the turbulence in the flow. The turbulent fluctuations 
contaminate the port pressures measured by the standard probes and the resulting error 
propagates into the calculation of total pressure, static pressure, velocity and the flow angles. 
Now that it has been demonstrated that 5HPs are affected by turbulence, similar to Pitot probes 
and static probes, the next step is to develop a method of predicting these errors so that they can 
be understood and corrected. Section 5.1.4 introduced a technique to simulate the measurements 
of a 5HP in an arbitrary flowfield, and the purpose of the current section is to demonstrate and 
assess the accuracy of the simulation technique.  
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The simulation technique can be used to simulate the 5HP measurements in an arbitrary 
flowfield. The necessary inputs to the simulation are: 
1. The mean velocity and static pressure (
?̅?
𝑈∞
,
?̅?
𝑈∞
,
?̅?
𝑈∞
, 𝐶𝑝𝑠̅̅ ̅̅ ). 
2. The components of the Reynolds stress tensor, see Eq. 5.28. 
3. RMS of the static pressure fluctuations 𝐶𝑝𝑠,𝑟𝑚𝑠̅̅ ̅̅ ̅̅ ̅̅ ̅. 
4. Calibration data for the five-hole probe. 
A time history of each velocity component was generated using the built-in Matlab function 
“mvnrnd” which generates a series of numbers from a multivariate normal distribution, see Eq. 
5.15. This function generates the proper turbulence statistics (𝑢′2̅̅ ̅̅ , 𝑣′2̅̅ ̅̅ , 𝑤′2̅̅ ̅̅ ̅, 𝑢′𝑣′̅̅ ̅̅ ̅, 𝑢′𝑤′̅̅ ̅̅ ̅̅ , 𝑣′𝑤′̅̅ ̅̅ ̅̅ ). The 
time history of static pressure was generated using the Matlab function “normrnd” which 
generates a series of random numbers from a single variable normal distribution. For each point 
in the artificial time history the pitch and yaw angles are calculated. The pitch and yaw angles 
are then used to determine the instantaneous value of the port angularity function for each 
pressure port by interpolating within the calibration dataset, see Eq. 5.2. The non-dimensional 
port pressure coefficient is then calculated using Eq. 5.4. The instantaneous port pressures can 
then be processed as if they were real measurements to simulate a fast-response probe, or the 
port pressures can be time averaged and the resulting average port pressures can be processed to 
simulate a standard five-hole probe.  
 This process was used to simulate measurements of the FR5HP, Std5HP_1 and 
Std5HP_2 in the 2D cylinder wake, Turbulent Probe Angularity experiment and the finite AR 
cylinder wake surveys. For each point in these flows the inputs to the simulation were the time-
averaged measurements of the FR5HP that were presented in Section 6.2. 
 
 150  
 
6.3.1 Five-Hole Probe Simulations in the 2D Cylinder Wake 
The measurements from the FR5HP in the wake of the 2D cylinder were used as inputs to 
the simulation in order to predict the measurements of Std5HP_1 and Std5HP_2. The results of 
the simulation for the wake measurements at 𝑥 𝐷⁄  = 5 are compared to the actual measurements 
in Fig. 6.61 through Fig. 6.63 which show total pressure, static pressure and velocity, 
respectively. The corresponding comparisons at 𝑥 𝐷⁄  = 10 are shown in Fig. 6.64 through Fig. 
6.66. Note that the filled in symbols represent the experimental measurements, which were 
presented in Section 6.2.1, while the open symbols represent the result of the simulation. Overall 
it can be seen that the simulation accurately predicted the measurements of the all three probes. 
The largest deviations between the simulation and the actual measurement occurred on the 
centerline of the wake where the turbulence levels were highest. The differences between the 
simulation and the measurement are summarized in Table 6.8. In general the difference between 
the simulation and the measurement was significantly smaller than the difference between the 
Std5HP and the FR5HP, compare Table 6.8 to Table 6.4 and Table 6.5. It can also be seen that 
the error in the simulation of Std5HP_2 was typically higher than for Std5HP_1. As will be seen 
below this was typical of the simulations. It may indicate that there is an additional effect on the 
measurements of Std5HP_2 that is not being captured in the simulation. For example if there was 
an effect of spatial resolution or probe interference this would influence the measurements of 
Std5HP_2 but not the simulation. Effects such as this would not influence the results of 
Std5HP_1 because Std5HP_1 results from time averaging the port pressures of the FR5HP and 
would therefore be influenced in the same way as the FR5HP. Std5HP_2 was a physically 
different probe with different dimensions and mounting hardware. The results just discussed 
were representative of the simulations at further downstream locations, 𝑥 𝐷⁄  = 15 and 20, where 
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the simulation generally compared better with the measurements due to the lower level of 
turbulence.  
Table 6.8 Difference between simulation result and measurement on the centerline of the 
2D cylinder wake for 𝒙 𝑫⁄  = 5 and 10. 
 Std5HP_1 Std5HP_2 
𝒙 𝑫⁄  𝑪𝒑𝒕̅̅ ̅̅  (% of 𝒒∞) 𝑪𝒑𝒔̅̅ ̅̅̅ (% of 𝒒∞) ?̅? 𝑼∞⁄  (% of 𝑼∞) 𝑪𝒑𝒕̅̅ ̅̅  (% of 𝒒∞) 𝑪𝒑𝒔̅̅ ̅̅̅ (% of 𝒒∞) ?̅? 𝑼∞⁄  (% of 𝑼∞) 
5 2.1% 1.7% 0.3% 4.1% 1.5% 1.8% 
10 -0.8% 0.8% -0.9% 2.0% -0.8% 1.7% 
 
6.3.2 Five-Hole Probe Simulations in the Turbulent Probe Angularity Experiment 
The measurements of the FR5HP in the Turbulent Probe Angularity Experiment were 
used as inputs to the 5HP simulation and the instantaneous values of the time history were 
generated using the random number generating method described above. Figure 6.67 compares 
the yaw angle from the simulation of Std5HP_1 to the measurements of Std5HP_1 over the 
range 0° ≤ 𝜃𝑝𝑟𝑜𝑏𝑒  ≤ 30° at 𝑥 𝐷⁄  = 8 and 12. It can be seen that the simulation accurately 
predicted the angle over the entire range of 𝜃𝑝𝑟𝑜𝑏𝑒. Although not shown in Fig. 6.67, the angle 
predicted by the simulation begins to deviate from the measurement for 𝜃𝑝𝑟𝑜𝑏𝑒  < 30° because of 
the error in the input to the simulation measured by the FR5HP which was shown in Fig. 6.12. 
The total pressure and static pressure predicted by the simulation of Std5HP_1 in the TPA 
experiment are compared to the measurements in Fig. 6.68 and Fig. 6.69, respectively. Like the 
angle, the total pressure predicted by the simulation agreed very well with the experimental 
measurements over the range of 𝜃𝑝𝑟𝑜𝑏𝑒. A slight difference between the static pressure predicted 
by the simulation and measured by the Std5HP_1 was observed. The maximum-recorded 
difference between the simulation and the measurement was -0.9% of 𝑞∞ which occurred at 
𝜃𝑝𝑟𝑜𝑏𝑒 = 24° for the 𝑥 𝐷⁄  = 8 case. This error in the simulation was considerably less than the 
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turbulence-induced error in the measurement of Std5HP_1 which was approximately -6.8% of 
𝑞∞ for the same point. The results of simulating the measurements in the TPA experiment were 
consistent with the results of the simulations for the 2D wake measurements which demonstrate 
the simulation technique is capable of accurately predicting the response of a 5HP to an arbitrary 
flowfield.  
 
6.3.3 Five-Hole Probe Simulations in the Finite AR Cylinder Wake 
Finally the simulation results for the finite AR cylinder wake surveys will be presented. 
The experimental measurements of the FR5HP, Std5HP_1 and Std5HP_2 in the finite AR 
cylinder wakes were presented in Section 6.2.3. The time-averaged FR5HP measurements from 
these experiments were used as inputs into the simulation along with the calibration data of the 
Std5HP_1 and Std5HP_2.  
 
6.3.3.1 Simulations in the AR = 3 Cylinder Wake 
Table 6.9 lists the maximum recorded difference between the result of the simulation and 
the measurement of both Std5HP_1 and Std5HP_2 in the AR = 3 cylinder wake. Comparing 
Table 6.9 to Table 6.6 it can be seen that in general the error in the simulation of a given Std5HP 
was less than the error in the measurement of the Std5HP relative to the FR5HP. In addition, the 
contour plots of the difference between the simulation and the Std5HP measurement presented in 
this section will show that the error in the simulation is much smaller throughout the wake than 
the turbulence-induced error in the measurement of the Std5HPs.  
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Table 6.9 Maximum recorded difference between the simulation and measurement of the 
flow variables in the wake of the AR = 3 cylinder for both Std5HPs. 
Variable Std5HP_1 Std5HP_2 
𝑪𝒑𝒕̅̅ ̅̅  (% of 𝒒∞) +1.0% +4.6% 
𝑪𝒑𝒔̅̅ ̅̅̅ (% of 𝒒∞) +1.7% -2.3% 
?̅? 𝑼∞⁄  (% of 𝑼∞) +0.7% +2.6% 
?̅? 𝑼∞⁄  (% of 𝑼∞) +1.5% -3.4% 
?̅̅̅? 𝑼∞⁄  (% of 𝑼∞) +1.8% -2.5% 
𝜶 (deg.) +1.0° -1.5° 
𝜷 (deg). +0.8° +2.5° 
 
Figures 6.70 shows the difference in total pressure between the simulation and the 
measurements of Std5HP_1 in the AR = 3 cylinder wake. Note that the scale of the color bar was 
left the same as scale that was used to present the difference between the measurements of 
Std5HP_1 and the FR5HP. For example, the scale of Fig. 6.70 matches that of Fig. 6.46 to 
clearly show that the error in the simulation of Std5HP_1 was small compared to the difference 
between the Std5HP and the FR5HP. This indicates that the simulation is capable of reproducing 
the response of the Std5HP to the turbulence. Throughout most of the wake the error in total 
pressure predicted the simulation of Std5HP_1 was below ±0.5% of 𝑞∞. The error in the static 
pressure predicted by the simulation of the Std5HP_1 is shown in Fig. 6.71 where it can be seen 
that the error was below 1% throughout most of the wake. Similar results were seen for the 
streamwise velocity and the flow angles shown in Figs. 6.73 to 6.74. In addition, the magnitude 
of the errors in the simulation of Std5HP_1 in the AR = 3 cylinder wake were comparable to the 
errors in the simulation of Std5HP_1 in the 2D cylinder wake. 
The simulations of the different Std5HPs in the 2D cylinder wake found that the 
simulations of Std5HP_2 were generally less accurate than the simulations of Std5HP_1, and this 
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trend was also observed for simulations in the AR = 3 cylinder wake. This trend can be seen by 
comparing the maximum-recorded errors in the simulation listed in Table 6.9 where the errors in 
the Std5HP_2 simulations were higher. Figures 6.75, 6.76 and 6.77 show the error in total 
pressure, static pressure and velocity of the Std5HP_2 simulation throughout the wake 
respectively. It can be seen that unlike for the simulations of Std5HP_1 there are regions in the 
wake with relatively high levels of error in the simulation. These areas were generally 
concentrated in the central region of the wake where the turbulence levels were highest. In 
general the magnitude of the errors in the simulation of Std5HP_2 in the finite AR wake were 
comparable to the simulation errors of the same probe in the 2D cylinder wake.  
 
6.3.3.2 Simulations in the AR = 5 Cylinder Wake 
Finally, Std5HP_1 was simulated in the wake of the AR = 5 cylinder using the 
measurements from the FR5HP as the input to the simulation. The maximum recorded error in 
the simulation results are listed in Table 6.10. The table shows that the maximum errors in total 
and static pressure from the simulation of Std5HP_1 are still within the range of ±1-2% of 𝑞∞ 
while the error in the streamwise velocity is within the range ±1% of 𝑈∞. 
Table 6.10 Maximum recorded difference between the simulation and measurement of the 
flow variables in the wake of the AR = 5 cylinder for Std5HP_1. 
 
Variable Std5HP_1 
𝑪𝒑𝒕̅̅ ̅̅  (% of 𝒒∞) +1.1% 
𝑪𝒑𝒔̅̅ ̅̅̅ (% of 𝒒∞) -1.2% 
?̅? 𝑼∞⁄  (% of 𝑼∞) +0.8% 
?̅? 𝑼∞⁄  (% of 𝑼∞) +1.5% 
?̅̅̅? 𝑼∞⁄  (% of 𝑼∞) +2.3% 
𝜶 (deg.) +1.3° 
𝜷 (deg). +0.9° 
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The effectiveness of the simulation can also be seen by inspecting the contour plots of 
simulation error in total pressure, static pressure and streamwise velocity shown in Figs. 6.78 to 
6.80, respectively. The scales of the contour plots were selected to match the contour plots of 
turbulence-induced error shown in Fig. 6.56-6.59. Throughout most of the wake the simulation 
errors in total pressure and static pressure were below ±1% of 𝑞∞ and the error in streamwise 
velocity was below ±1% of 𝑈∞ throughout the wake. Figures 6.81 and 6.82 demonstrate that the 
simulation is able reo reasonably predict the angle measured by the probe as well. There were a 
few points throughout the wake where the error in the pitch angle of the simulation exceeded 1° 
but throughout most of the wake the simulation was accurate to within ±0.5° for the pitch angle. 
Similar observations can be made for the yaw angle with the main difference being the regions of 
higher error coincided with the regions of highest turbulence-induced errors in the 
measurements. 
 
6.3.4 Summary of Five-Hole Probe Simulation Results 
This section presented results comparing the simulation of 5HPs to actual measurements 
in turbulent flows. The simulation requires values for the mean flow and calibration data for the 
probe to be simulated. The results of this section demonstrate that with this information the 
simulation method is capable of predicting the measurement of a given standard five-hole probe. 
There was a noticeable difference in the simulation results of Std5HP_1 and Std5HP_2. In 
general the simulation of Std5HP_2 was less accurate. This result could potentially be due to 
factors that are not considered in the simulation such as spatial resolution effects or probe 
interference. Std5HP_1 results from time averaging the FR5HP port pressures prior to applying 
the probe calibration and as a result isolates the effect of turbulence contaminating the port 
pressure measurements. Std5HP_2 is a physically different probe which could result in other 
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factors contributing to the difference between Std5HP_2 measurements and simulations.  Despite 
the higher error in the simulations of Std5HP_2 overall the results do indicate that the simulation 
is able to predict the response of a 5HP to given a flowfield with an accuracy on the order of ±1-
3% in total an static pressure and ±1-2% in the velocity. 
 
6.4 Modeling Turbulence-Induced Errors in Five-Hole Probes 
The previous section presented results that demonstrated the accuracy of the five-hole 
probe simulation method introduced in Section 5.1.4. An important observation from the results 
presented in the previous section is that the time histories of the velocity components and static 
pressure are generated from a series of random numbers with predefined statistics. This 
observation is important because it implies that the actual time history is not important. Only the 
statistics of the time history are relevant. As a result it is possible to simulate Std5HP 
measurements for any arbitrary combination of mean velocity vector, static pressure and 
turbulence statistics. Now the simulation method can be used to study the effects of turbulence in 
more detail.  
The purpose of this section is to utilize the simulation method described above to study 
the effects of turbulence on the five-hole probe by running the simulation for a variety of 
different conditions and observing the results on the predicted measurements. The focus will be 
on the errors in the measurements of total and static pressure. The effects of static pressure 
fluctuations, the mean velocity magnitude, the Reynolds shear stresses and the Reynolds normal 
stresses are all discussed. Note that while the simulation can be run using either dimensional or 
non-dimensional values the discussion and results presented here will all be non-dimensional. 
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6.4.1 Generating the Turbulence Induced Error Functions 
Recall that the concept of the turbulence-induced error function was introduced in 
Chapter 5. These functions were defined as the difference between the value measured by the 
standard five-hole probe and the true value in the flow. For a 5HP we are most interested in the 
error functions of total and static pressure which were defined in Eq. 5.18 and Eq. 5.19, 
respectively, and are rewritten here. 
𝐸𝐶𝑝𝑡 =  𝐶𝑝𝑡,𝑚̅̅ ̅̅ ̅̅ ̅ − 𝐶𝑝𝑡,𝑡𝑟𝑢𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅ Eq. 6.1 
𝐸𝐶𝑝𝑠 =  𝐶𝑝𝑠,𝑚̅̅ ̅̅ ̅̅ ̅ − 𝐶𝑝𝑠,𝑡𝑟𝑢𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅̅    Eq. 6.2 
The turbulence induced error functions are unknown functions dependent on the local flowfield. 
 𝐸𝑉𝑎𝑟 =  𝐸𝑉𝑎𝑟(?̅?
2, ?̅?2, ?̅?2, 𝑢′2̅̅ ̅̅ , 𝑣′2̅̅ ̅̅ , 𝑤′2̅̅ ̅̅̅, 𝑢′𝑣′̅̅ ̅̅ ̅, 𝑢′𝑤′̅̅ ̅̅ ̅̅ , 𝑣′𝑤′̅̅ ̅̅ ̅̅ )  Eq. 6.3 
Where the subscript 𝑉𝑎𝑟 can represent either the total pressure or the static pressure. The 5HP 
simulation method introduced in 5.1.4 can be used to determine the value of the error function 
for a given probe and any combination of the dependent variables in Eq. 6.3. In order to better 
understand how turbulence influences the measurements of 5HPs the simulation method will 
now be used to determine how the various flowfield variables influence the error functions of 
total pressure and static pressure.  
 
6.4.1.1 The Effects of Static Pressure on the Turbulence Induced Error 
Static pressure is one of the inputs required for the simulation. A time history of static 
pressure is generated based on the selected values of the mean static pressure coefficient 𝐶𝑝𝑠̅̅ ̅̅  and 
the RMS of the fluctuations of the static pressure. It is straightforward to determine that neither 
𝐶𝑝𝑠̅̅ ̅̅  nor the level of fluctuations in 𝐶𝑝𝑠̅̅ ̅̅  influence the turbulence-induced error. First, recall that 
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the instantaneous pressure sensed at port 𝑖 is modeled using Eq. 5.4, which is rewritten here for 
convenience. 
 
𝐶𝑝,𝑖(𝑡) =  𝐶𝑝𝑠(𝑡) +  
𝑉𝑡
2
𝑈∞2
(𝑡) 𝑓𝑖(𝛼(𝑡), 𝛽(𝑡)) Eq. 6.4 
Where  𝐶𝑝,𝑠, 𝑉𝑡 and 𝑓𝑖 represent the instantaneous static pressure, total velocity magnitude and 
port angularity function, see Section 5.1.1. A standard five-hole probe is only capable of sensing 
the average port pressure and if the static pressure term is rewritten using the standard Reynolds 
decomposition 𝐶𝑝𝑠(𝑡) = 𝐶𝑝𝑠̅̅ ̅̅ +  𝐶′𝑝𝑠(𝑡) then the time-average port pressure can be expressed as: 
 
𝐶𝑝,𝑖̅̅ ̅̅̅ =  𝐶𝑝𝑠̅̅ ̅̅ +  𝐶′𝑝𝑠(𝑡)̅̅ ̅̅ ̅̅ ̅̅ +   
𝑉𝑡
2
𝑈∞2
(𝑡) 𝑓𝑖(𝛼(𝑡), 𝛽(𝑡))
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
 Eq. 6.5 
Where it can be seen that the second term on the right-hand side (𝐶′𝑝𝑠(𝑡)̅̅ ̅̅ ̅̅ ̅̅ ̅) is zero because by 
definition the average of the fluctuation is zero. As a result it can be concluded that the 
fluctuations in static pressure do not influence the measurements of a Std5HP. 
Recall that the quasi-steady assumption states that instantaneous flow around the probe 
tip can be considered as a steady laminar flow at the given angle and velocity. This assumption is 
implicit in the simulation method which applies the laminar calibration to the probe. Under this 
assumption, during the simulation all five pressure-ports sense the same static pressure. 
Therefore the mean static pressure 𝐶𝑝𝑠̅̅ ̅̅  has no effect on the calculated pitch and yaw coefficients 
(𝐶𝛼, 𝐶𝛽). Finally, when the total and static pressure measured by the probe are calculated using 
Eq. 4.14 and Eq. 4.15, respectively, it can be seen that the mean static pressure acts as a constant 
offset in the final result. When the error in total or static pressure is determined, using Eq. 6.1 or 
Eq. 6.2 the value 𝐶𝑝𝑠̅̅ ̅̅  will be canceled out. So while the absolute values of the measured total and 
static pressure depend on the value of the true local static pressure, the error in the measured total 
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and static pressure are not affected by the local static pressure. This point will be important when 
using the simulation method to correct five-hole probe measurements for turbulence effects. 
 
6.4.1.2 The Effects of Mean Velocity on the Turbulence Induced Error 
The general error function in Eq. 6.3 is a function of the mean velocity components. It 
would be impractical to try and generate a value of the error function for every value of the 
velocity magnitude and in Chapter 5 the normalized error function was introduced in Eq. 5.21.  
 𝐸𝑉𝑎𝑟
∗ =  
𝐸𝑉𝑎𝑟
𝑉?̅?
2
𝑈∞
2⁄
= 𝐸𝑉𝑎𝑟
∗ (?̅?, ?̅?,
𝑢′2̅̅ ̅̅ ̅
𝑉?̅?
2 ,
𝑣′2̅̅ ̅̅̅
𝑉?̅?
2 ,
𝑤′2̅̅ ̅̅ ̅
𝑉?̅?
2 ,
𝑢′𝑣′̅̅ ̅̅ ̅̅
𝑉?̅?
2 ,
𝑢′𝑤′̅̅ ̅̅ ̅̅ ̅
𝑉?̅?
2 ,
𝑣′𝑤′̅̅ ̅̅ ̅̅ ̅
𝑉?̅?
2 )  Eq. 6.6 
As a simplified demonstration simulations were run for Std5HP_1 with various turbulence levels 
and two values of the mean velocity (?̅? 𝑈∞⁄  = 0.75 and 1.0) in a flow with a no mean flow 
angularity ?̅? = ?̅? = 0. When the mean flow angles are zero the symmetry of the 5HP can be used 
to simplify the effects of turbulence as 𝑣′2̅̅ ̅̅  and 𝑤′2̅̅ ̅̅̅ will have essentially the same effect on the 
final result and they can be lumped into the variable 𝑘′𝑛̅̅ ̅̅ =  
1
2
(𝑣′2̅̅ ̅̅ + 𝑤′2̅̅ ̅̅̅) 𝑈∞
2⁄  which is the 
average non-dimensional transverse turbulent fluctuations. The simulations were run for 0 
≤ 𝑘′𝑛̅̅ ̅̅ ≤ 0.15 and the axial non-dimensional turbulent fluctuations 𝑘′𝑢̅̅ ̅̅ = 𝑢′2̅̅ ̅̅ 𝑈∞
2⁄  was fixed at 
0.04. These values were selected because they are representative of the levels of turbulence in 
the experiments discussed in this dissertation. For these simulations the mean static pressure was 
set to zero (𝐶𝑝𝑠̅̅ ̅̅  = 0), and the Reynolds shear stresses were also set to zero.  
The results of these simulations are shown in Fig. 6.83. For low values of the transverse 
fluctuations the error in the total pressure was positive and not significantly influenced by the 
average velocity ?̅?. As the energy in the transverse fluctuations 𝑘′𝑛̅̅ ̅̅  increased, while 𝑘′𝑢̅̅ ̅̅  
remained constant, the error in the total pressure decreased and eventually became negative and 
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the difference between the error at the two speeds began to increase. The results of the 
simulation showed that for a given level of kinetic energy in the transverse fluctuations relative 
to the freestream the error in the total pressure was larger (more negative) when the local mean 
velocity was lower. Larger values of the transverse fluctuations implies larger instantaneous 
values of the transverse velocity and therefore larger flow angles. In general, larger flow angles 
result in reduced pressures on the probe tip, see Fig. 5.1 and Fig. 5.2, causing the average port 
pressures to be reduced. If the value of 𝑘′𝑛̅̅ ̅̅  is kept constant but the local time-averaged axial 
velocity ?̅? 𝑈∞⁄  is increased then this effect is reduced because the angle corresponding to a given 
value of 𝑣′ is smaller.  
 If the results of the simulation are normalized by the local mean velocity ?̅? 𝑈∞⁄  then the 
error in total pressure for the two different simulations collapse onto the same line as shown in 
Fig. 6.84. The results of the simulation with ?̅? 𝑈∞⁄  = 0.75 now match the results of ?̅? 𝑈∞⁄  = 1.0. 
This simplifies the process of generating values of the turbulent error functions because the 
simulation can be run with a mean velocity of 1.0 and the results can then be scaled to match any 
necessary condition. This process will be discussed more below in Section 6.5.1 where a process 
for correcting 5HP measurements will be discussed.  
 
6.4.1.3 The Effects of the Reynolds Shear Stresses on the Turbulence Induced Error 
The Reynolds shear stresses (RSS) (𝑢′𝑣′̅̅ ̅̅ ̅, 𝑢′𝑤′̅̅ ̅̅ ̅̅ , 𝑣′𝑤′̅̅ ̅̅ ̅̅ ) make up the off-diagonal 
components of the Reynolds Stress Tensor, see Eq. 5.16, and they represent the correlations 
between the different velocity components at a single point in space. In Section 5.2.1 it was 
argued that these terms will likely not have a significant impact on the measurements of a 5HP 
and the simulation method can be used to prove this. Recall, from Section 6.3 that the “time 
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histories” of the velocity components for the simulation are created by generating a series of 
random numbers from a multivariate normal distribution using the Matlab function “mvnrnd”, 
see Eq. 5.15. As an input, this function requires values for the variances of each velocity 
component (𝑢′2̅̅ ̅̅ , 𝑣′2̅̅ ̅̅ , 𝑤′2̅̅ ̅̅ ̅) and the Reynolds shear stresses. The simulation can also be run using 
the Matlab function “normrnd” which will generate time histories with the correct variances 
(𝑢′2̅̅ ̅̅ , 𝑣′2̅̅ ̅̅ , 𝑤′2̅̅ ̅̅ ̅) but no with correlation between the different velocity components.  
The effect of the Reynolds shear stresses was investigated by simulating measurements of 
Std5HP_1 and Std5HP_2 in the wake of the 2D cylinder at 𝑥 𝐷⁄  = 5. For each probe the 
simulation was run twice. The first simulation included each component of the Reynold stress 
tensor, as measured by the FR5HP, and the second simulation set the Reynolds shear stresses to 
zero while leaving all other inputs the same. The results of these simulations are compared in 
Fig. 6.85 for total pressure and in Fig. 6.86 for static pressure. Note that the measurements of the 
FR5HP are shown for reference and the simulations with no Reynold shear stresses are labeled 
as (No RSS). The simulations show that there is no discernable effect of the Reynolds shear 
stresses on the final result of the 5HP.  
A similar simulation was run for Std5HP_1 in the Turbulent Probe Angularity 
Experiment at 𝑥 𝐷⁄  = 8. The yaw angles measured by Std5HP_1 and predicted by the simulation 
with and without the RSS are compared in Fig. 6.87. Again it can be seen that the absence of the 
Reynolds shear stresses had no noticeable effect on the measurement of the Std5HP.  
 
6.4.1.4 The Effects of the Reynolds Normal Stresses on the Turbulence Induced Error 
The results of the previous sections have shown that the turbulence-induced error 
function for the total and static pressure measured by a standard five-hole probe can be 
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simplified by normalizing using the local velocity and the Reynolds shear stresses can be 
ignored. 
 
𝐸𝑉𝑎𝑟
∗ =  
𝐸𝑉𝑎𝑟
𝑉?̅?
2
𝑈∞
2⁄
= 𝐸𝑉𝑎𝑟
∗ (?̅?, ?̅?,
𝑢′2̅̅ ̅̅ ̅
𝑉?̅?
2 ,
𝑣′2̅̅ ̅̅̅
𝑉?̅?
2 ,
𝑤′2̅̅ ̅̅ ̅
𝑉?̅?
2 )   Eq. 6.7 
Where the subscript 𝑉𝑎𝑟 represents either the total or static pressure. The most important terms 
remaining are the Reynolds normal stresses (𝑢′2̅̅ ̅̅ , 𝑣′2̅̅ ̅̅ , 𝑤′2̅̅ ̅̅ ̅) which represent the energy in the 
fluctuations of each velocity component. These terms are the primary aspect of turbulence that 
results in the contamination of the port pressures measured by a standard five-hole probe.  
Taking advantage of the various simplifications discussed above the simulation method 
can now be used to numerically generate the turbulence-induced error functions which can be 
used to study the effects of the remaining turbulence terms. This process will first be done for the 
case ?̅? = ?̅? = 0 and 𝑉?̅? 𝑈∞⁄ =  ?̅? 𝑈∞⁄ . The normalized turbulent-induced error functions for total 
and static pressure can now be written as: 
 
𝐸𝐶𝑝𝑡
∗ =  
𝐶𝑝𝑡,𝑚̅̅ ̅̅ ̅̅ ̅̅ −𝐶𝑝𝑡,𝑡𝑟𝑢𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
𝑈2 𝑈∞
2⁄
= 𝐸𝐶𝑝𝑡
∗ (
𝑢′2̅̅ ̅̅ ̅
𝑈2
,
(𝑣′2̅̅ ̅̅̅+𝑤′2̅̅ ̅̅ ̅)
2𝑈2
)    Eq. 6.8 
 
𝐸𝐶𝑝𝑠
∗ =  
𝐶𝑝𝑠,𝑚̅̅ ̅̅ ̅̅ ̅̅ −𝐶𝑝𝑠,𝑡𝑟𝑢𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
𝑈2 𝑈∞
2⁄
= 𝐸𝐶𝑝𝑠
∗ (
𝑢′2̅̅ ̅̅ ̅
𝑈2
,
(𝑣′2̅̅ ̅̅̅+𝑤′2̅̅ ̅̅ ̅)
2𝑈2
)   Eq. 6.9 
Note that because ?̅? = ?̅? = 0 it is possible to take advantage of symmetry and combine the 
transverse fluctuations into a single variable. 
 Values for the normalized error function can be determined by running the simulation 
with the mean velocity set equal to 1.0 (?̅? 𝑈∞⁄  = 1.0) and the mean static pressure set to 0 
(𝐶𝑝𝑠,𝑡𝑟𝑢𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅= 0). With these settings the true total pressure in the simulation is equal to 1.0 
(𝐶𝑝𝑡,𝑡𝑟𝑢𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅= 1.0). The simulations were performed for Std5HP_1 and Std5HP_2 over a range of 
values for the axial fluctuations 𝑢′2̅̅ ̅̅ ?̅?2⁄  and the transverse fluctuations 
1
2
(𝑣′2̅̅ ̅̅ + 𝑤′2̅̅ ̅̅̅) ?̅?2⁄ . 
 163  
 
 The normalized error function for total pressure measured by Std5HP_1 is shown in Fig. 
6.88 and the normalized error function for static pressure measured by Std5HP_1 is shown in 
Fig. 6.89. The corresponding error functions for Std5HP_2 are not shown but were qualitatively 
similar. The normalized error functions clearly show the effect of the axial and transverse 
fluctuations on the measured total and static pressure. Increasing energy in the axial fluctuations 
increases the measured total pressure while increasing the energy in the transverse fluctuations 
decreases the measured total pressure. For certain combinations of the axial and transverse 
fluctuations the two effects cancel out resulting in zero error in the measured total pressure. This 
observation explains the results seen in the measured total pressure in the wake of the 2D 
cylinder for 𝑥 𝐷⁄  = 10, 15 and 20 where the error in the measured total pressure was very small. 
Significant error in the total pressure was only observed in the wake at 𝑥 𝐷⁄  = 5 where the 
energy in the transverse fluctuations was significantly higher than the in the axial fluctuations 
and the resulting total pressure was reduced. In the wakes both finite aspect ratio cylinders (AR = 
3 and AR =5) a region of reduced total pressure was observed in the center of the wake and on 
the edges of the wake the total pressure was increased, see Fig. 6.46 and Fig. 6.47 for the AR = 3 
wake and  Fig. 6.56 for the AR = 5 wake. For both wakes the turbulence measurements showed 
that the transverse fluctuations were highest in the wake center (𝑦 𝐷⁄ ≈ 0) while the axial 
fluctuations show local maximums at 𝑦 𝐷⁄ ≈ ± 1.  
The range of turbulence levels shown in the contour plot of 𝐸𝐶𝑝𝑡
∗  in Fig. 6.88 was selected 
to encompass the maximum values observed in the experimental results that were discussed 
above. The maximum turbulence levels were observed in the wake of the 2D cylinder at 𝑥 𝐷⁄  = 
5. For the rest of measurements the turbulence levels normalized by the local mean velocity were 
below 0.10 and this lower range is generally more representative of many turbulent flows. A 
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simple qualitative comparison of the two standard five-hole probes Std5HP_1 and Std5HP_2 can 
be made by fitting the following linear model to the normalized error function for each probe to 
the data within the smaller turbulence range of  0 ≤
𝑢′2̅̅ ̅̅ ̅
?̅?2
 and 
(𝑣′2̅̅ ̅̅̅+𝑤′2̅̅ ̅̅ ̅)
2?̅?2
≤ 0.1.  
 
𝐸𝐶𝑝𝑡
∗ =   𝐶𝑡,𝑢
𝑢′2̅̅ ̅̅ ̅
𝑈2
+  𝐶𝑡,𝑣𝑤
(𝑣′2̅̅ ̅̅̅+𝑤′2̅̅ ̅̅ ̅)
2𝑈2
  Eq. 6.10 
The coefficients of this simple model are listed in Table 6.11. 
Table 6.11 Coefficients of the linear regression model for the total pressure normalized 
turbulence-induced error function Eq. 6.10. for the range 0 ≤
𝒖′𝟐̅̅ ̅̅ ̅
?̅?𝟐
 and 
(𝒗′𝟐̅̅ ̅̅̅+𝒘′𝟐̅̅ ̅̅ ̅)
𝟐?̅?𝟐
≤ 0.1. 
 𝑪𝒕,𝒖 𝑪𝒕,𝒗𝒘 𝑹
𝟐 
Std5HP_1 0.98 -1.18 0.985 
Std5HP_2 0.97 -0.71 0.987 
 
Note that this model is intended only for a simple qualitative comparison between the two 
probes. A superior fit would be obtained with a more complex model. This simple model 
demonstrates that the error in total pressure of both probes are equally sensitive to the axial 
fluctuations while Std5HP_1 was more sensitive to transverse fluctuations.  
 The normalized error function of the static pressure measured by Std5HP_1 shows that 
static pressure is primarily only affected by transverse fluctuations and that these fluctuations 
cause the static pressure to decrease (become more negative). This result is consistent with the 
results of the 2D and 3D cylinder wake surveys. In all cases the static pressure was decreased 
(more negative) by a significant amount. A qualitative comparison between the two standard 
probes can be made using the same basic model as for total pressure above within the smaller 
turbulence range of  0 ≤
𝑢′2̅̅ ̅̅ ̅
?̅?2
 and 
(𝑣′2̅̅ ̅̅̅+𝑤′2̅̅ ̅̅ ̅)
2?̅?2
≤ 0.1 
 
𝐸𝐶𝑝𝑠
∗ =   𝐶𝑠,𝑢
𝑢′2̅̅ ̅̅ ̅
𝑈2
+  𝐶𝑠,𝑣𝑤
(𝑣′2̅̅ ̅̅̅+𝑤′2̅̅ ̅̅ ̅)
2𝑈2
  Eq. 6.11 
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The coefficients of this simple model are listed in Table 6.12. 
Table 6.12 Coefficients of the linear regression model for the total pressure normalized 
turbulence-induced error function Eq. 6.11. for the range 0 ≤
𝒖′𝟐̅̅ ̅̅ ̅
?̅?𝟐
 and 
(𝒗′𝟐̅̅ ̅̅̅+𝒘′𝟐̅̅ ̅̅ ̅)
𝟐?̅?𝟐
≤ 0.1. 
 𝑪𝒔,𝒖 𝑪𝒔,𝒗𝒘 𝑹
𝟐 
Std5HP_1 0.0004 -2.82 0.99 
Std5HP_2 0.0233 -2.16 0.99 
 
The model confirms the lack of sensitivity to the axial fluctuations. In addition it can be seen that 
Std5HP_1 was more sensitive to transverse fluctuations which was consistent with the 
measurements in the wakes of the 2D and 3D cylinder where the error in static pressure was 
larger for Std5HP_1. The R
2
 values in Table 6.12 are also better than the corresponding values 
for the total pressure fit indicating that the error in static pressure is reasonably approximated by 
a linear model.  
 The form of the error functions of total and static pressure can be used to make a general 
statement regarding the error in velocity measured by a 5HP. The experimental measurements in 
the wakes of the 2D and 3D cylinders showed that the error in velocity was typically positive; 
the standard 5HP measurement was biased to a higher value. While this may not always occur it 
does appear to be more likely than a decrease in velocity. Consider a hypothetical flow in which 
there are only turbulent fluctuations in the axial direction. In this flow a Std5HP will measure a 
higher total pressure and there will be relatively little error in the static pressure. The turbulence-
induced errors would result in a higher velocity than the true value. If the transverse fluctuations 
were made non-zero this would cause the total pressure to decrease. The total pressure error may 
approach zero or become negative, but at the same time the transverse fluctuations result in a 
negative error in the static pressure (increasing magnitude). The results of the simulations above, 
see Table 6.11 and Table 6.12, indicated that the sensitivity of the static pressure error to 
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transverse fluctuations was higher than the sensitivity of the total pressure for both Std5HP_1 
and Std5HP_2. As the transverse fluctuations become stronger the error in the static pressure 
increases faster than the error in the total pressure decreases. Again this tends to result in the 
Std5HP measuring a velocity that is higher than the correct value.  
Finally, the simulation method was used to investigate the effects of the mean flow angle 
on the turbulence-induced error functions. A series of simulations were run for each probe that 
covered a range of turbulence values and yaw angles of the probe. Since the mean flow angles 
were no longer 0° it was necessary to consider the two transverse turbulence components 𝑣′2̅̅ ̅̅  and 
𝑤′2̅̅ ̅̅̅ separately. The simulations were run over the turbulence range 0 ≤
𝑢′2̅̅ ̅̅ ̅
𝑉?̅?
2, 
𝑣′2̅̅ ̅̅̅
𝑉?̅?
2, 
𝑤′2̅̅ ̅̅ ̅
𝑉?̅?
2  ≤ 0.1 and at 
yaw angles of 0°, 5°, 10° and 15°. For each angle the following simple linear model was fit to the 
error in total pressure. .  
 
𝐸𝐶𝑝𝑡
∗ =   𝐶𝑡,𝑢(?̅?)
𝑢′2̅̅ ̅̅ ̅
𝑉?̅?
2 +  𝐶𝑡,𝑣(?̅?)
𝑣′2̅̅ ̅̅̅
𝑉?̅?
2 + 𝐶𝑡,𝑤(?̅?)
𝑤′2̅̅ ̅̅ ̅
𝑉?̅?
2   
Eq. 6.12 
And for the static pressure error. 
 
𝐸𝐶𝑝𝑠
∗ =   𝐶𝑠,𝑢(?̅?)
𝑢′2̅̅ ̅̅ ̅
𝑉?̅?
2 +  𝐶𝑣𝑠,(?̅?)
𝑣′2̅̅ ̅̅̅
𝑉?̅?
2 + 𝐶𝑠,𝑤(?̅?)
𝑤′2̅̅ ̅̅ ̅
𝑉?̅?
2   
Eq. 6.13 
Again note that this model is primarily for qualitative comparisons. The coefficients of Eq. 6.12 
and Eq. 6.13 are listed in Table 6.13 and Table 6.14, respectively. 
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Table 6.13 Coefficients of the linear regression model for the total pressure normalized 
turbulence-induced error Eq. 6.12 as a function of  ?̅? for the range 0 ≤
𝒖′𝟐̅̅ ̅̅ ̅
𝑉?̅?
2, 
𝒗′𝟐̅̅ ̅̅̅
𝑉?̅?
2, 
𝒘′𝟐̅̅ ̅̅ ̅
𝑉?̅?
2  ≤ 0.1. 
Note that ?̅?=0° 
 Std5HP_1 Std5HP_2  
?̅? 𝑪𝒕,𝒖 𝑪𝒕,𝒗 𝑪𝒕,𝒘 𝑹
𝟐 𝑪𝒕,𝒖 𝑪𝒕,𝒗 𝑪𝒕,𝒘 𝑹
𝟐 
0° 0.98 -0.58 -0.61 0.98 0.97 -0.33 -0.39 0.97 
5° 0.96 -0.72 -0.64 0.99 0.96 -0.57 -0.45 0.98 
10° 0.92 -0.94 -0.71 0.99 0.92 -0.94 -0.40 0.99 
15° 0.84 -1.1 -0.74 0.99 0.82 -1.15 -0.28 0.99 
 
Table 6.14 Coefficients of the linear regression model for the static pressure normalized 
turbulence-induced error Eq. 6.13 as a function of  ?̅? for the range 0 ≤
𝒖′𝟐̅̅ ̅̅ ̅
𝑉?̅?
2, 
𝒗′𝟐̅̅ ̅̅̅
𝑉?̅?
2, 
𝒘′𝟐̅̅ ̅̅ ̅
𝑉?̅?
2  ≤ 0.1. 
Note that ?̅?=0° 
 Std5HP_1 Std5HP_2  
?̅? 𝑪𝒔,𝒖 𝑪𝒔,𝒗 𝑪𝒔,𝒘 𝑹
𝟐 𝑪𝒔,𝒖 𝑪𝒔,𝒗 𝑪𝒔,𝒘 𝑹
𝟐 
0° 0.007 -1.46 -1.35 0.99 -0.003 -1.05 -1.13 0.99 
5° -0.01 -1.42 -1.26 0.99 -0.019 -0.96 -1.05 0.99 
10° -0.01 -1.32 -1.16 0.99 -0.014 -0.78 -1.0 0.99 
15° -0.07 -1.0 -1.05 0.99 -0.03 -0.67 -0.98 0.99 
 
It should be noted that the coefficients 𝐶𝑡,𝑣 and 𝐶𝑡,𝑤 at ?̅? = 0° are each equal to approximately 
1/2𝐶𝑡,𝑣𝑤 from Eq. 6.10. This observation is to be expected given that Eq. 6.10 combined the two 
transverse fluctuations. The same observation is true for the coefficients of the static pressure 
models.  
The results of the simulations for different values of the mean yaw angle show that as the 
angle of the flow changed the sensitivity of the probe to the different turbulence components 
changed. For total pressure, as yaw increased the sensitivity to the axial fluctuations was 
decreased while the sensitive to the transverse components increased, and the sensitivity to 𝑣′2̅̅ ̅̅  
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increased faster than the sensitivity to 𝑤′2̅̅ ̅̅̅. The sensitivity of the static pressure error to the 
different turbulence components was also influenced by the mean angle of the velocity vector. 
As ?̅? increased the error in static pressure became slightly sensitive to the axial fluctuations 𝑢′2̅̅ ̅̅  
as the sensitives to 𝑣′2̅̅ ̅̅  and 𝑤′2̅̅ ̅̅̅ decreased. As with total pressure the sensitivity to 𝑣′2̅̅ ̅̅  changed 
faster than the sensitivity to 𝑤′2̅̅ ̅̅̅. The results of these simulations demonstrate that qualitative 
aspects of the error functions are essentially unaltered by the mean flow angle. For example, 
axial fluctuations increase total pressure and have a relatively small effect on the static pressure. 
Despite the consistent qualitative features the error functions are influenced by the mean flow 
angle. The next section will demonstrate how the above results can be used to correct the total 
and static pressure measured by a 5HP in a turbulent flow.  
 
6.4.2 Summary of Turbulence-Induced Errors 
The previous sections utilized the 5HP simulation method to study how the different flow 
variables influence turbulence-induced errors of total and static pressure measured by a Std5HP. 
The mean and fluctuating components of static pressure were shown to have no influence on the 
error in total or static pressure. It was then demonstrated that the value of the mean velocity 
magnitude can influence the error in the measurements of a Std5HP. For a given level of 
fluctuations relative to the freestream velocity increasing the mean velocity reduces the error in 
the total and static pressure. The effect of mean velocity can be eliminated from the turbulence-
induced error function by normalizing the results by the local mean velocity. This normalization 
is advantageous because it means a simulation can be performed with unit velocity and the 
results can then be scaled to any mean velocity as necessary. The simulation technique was then 
used to demonstrate that the Reynolds shear stresses, which represent the correlations between 
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the different velocity fluctuations has a negligible impact on the measurements of Std5HPs. 
Finally, simulations were used to study the effect of the Reynolds normal stresses, which 
represent the average energy in the different fluctuating velocity components. It was shown that 
axial fluctuations cause the measured total pressure to increase while transverse fluctuations 
result in a reduced total pressure. Under certain conditions the two effects can essentially cancel 
each out resulting in a correct total pressure despite the high levels of turbulence. This effect was 
observed in the wake of the 2D cylinder in Section 6.2.1. The mean pitch and yaw angles in the 
flow were shown to influence the sensitivity of the error to the different turbulence components 
but the qualitative effects of turbulence were unchanged. The next section will demonstrate how 
these results and the simulation method can be used to correct the measurements of standard 
five-hole probes.  
 
6.5 Correcting Turbulence-Induced Errors in Five-Hole Probe Measurements 
The results of the previous sections demonstrated that the simulation technique is capable 
of accurately predicting the measurements of a given five-hole probe in a turbulent flow, and the 
simulations were used to study the how the properties of the turbulent flow influenced the errors 
in 5HP measurements. The simulation method can also be used to correct the measurements of 
total and static pressure in turbulent flows. Note that the focus will only be on correcting total 
and static pressure. In order to apply the correction it is necessary to first measure the turbulence 
in the flowfield with a different technique which by default requires that the mean velocity also 
be measured. The velocity measurements can be made using a different technique such as hot-
wires, LDV or PIV. Knowing the total and static pressure can be important for a variety of 
applications. For example, as shown in Chapter 3 calculating the drag from wake measurements 
requires either the total pressure or the static pressure. In turbomachinery the efficiency of a 
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given stage within the system can be determined by measuring the loss in total pressure form one 
stage to the next, and turbulence induced errors may result in incorrect conclusions regarding the 
efficiency of a design. This section first discusses the process for correcting measurements in a 
flow with no mean flow angularity and this is then generalized to an arbitrary 3D flowfield. The 
basic premise of the correction method in both cases is to determine the value of the error 
function and then subtract this from the measured value. 
𝐶𝑝𝑡,𝑐̅̅ ̅̅ ̅̅ =  𝐶𝑝𝑡,𝑚̅̅ ̅̅ ̅̅ ̅ − 𝐸𝐶𝑝𝑡  Eq. 6.14 
𝐶𝑝𝑠,𝑐̅̅ ̅̅ ̅̅ =  𝐶𝑝𝑠,𝑚̅̅ ̅̅ ̅̅ ̅ − 𝐸𝐶𝑝𝑠   Eq. 6.15 
 
6.5.1 Correcting Turbulence-Induced Errors in 1D Mean Flow (?̅? = ?̅? = 𝟎) 
In general if the mean velocity and turbulence values are known at each point in a flow 
then the simulation method can be used for each point to determine the error. As shown in 
Section 6.4.1.4 when ?̅? = ?̅? = 0 the turbulence-induced error function can be considerably 
simplified by normalizing it by the local mean velocity ?̅? and taking advantage of symmetry and 
assuming that both transverse velocity fluctuations 𝑣′2̅̅ ̅̅  and 𝑤′2̅̅ ̅̅̅ influence the probe in the same 
way. Under these conditions the correct total and static pressure can be determined by 
rearranging Eq. 6.8 and Eq. 6.9. 
 
𝐶𝑝𝑡,𝑐̅̅ ̅̅ ̅̅ =  𝐶𝑝𝑡,𝑚̅̅ ̅̅ ̅̅ ̅ +
𝑈2
𝑈∞
2 𝐸𝐶𝑝𝑡
∗ (
𝑢′2̅̅ ̅̅ ̅
𝑈2
,
(𝑣′2̅̅ ̅̅̅+𝑤′2̅̅ ̅̅ ̅)
2𝑈2
)   Eq. 6.16 
 
𝐶𝑝𝑠,𝑐̅̅ ̅̅ ̅̅ =  𝐶𝑝𝑠,𝑚̅̅ ̅̅ ̅̅ ̅ +
𝑈2
𝑈∞
2 𝐸𝐶𝑝𝑠
∗ (
𝑢′2̅̅ ̅̅ ̅
𝑈2
,
(𝑣′2̅̅ ̅̅̅+𝑤′2̅̅ ̅̅ ̅)
2𝑈2
)  Eq. 6.17 
As shown in Section 6.4.1.4 the normalized error functions can be generated by running the 
simulation for a range of the turbulence terms with ?̅? 𝑈∞⁄ = 1.0 and 𝐶𝑝𝑠̅̅ ̅̅  = 0.  
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Now in order to correct the Std5HP measurements it is first necessary to measure the 
turbulence and the mean velocity in the flow. The turbulence measurements can then be 
normalized using the measured local mean velocity ?̅? as opposed to the freestream velocity 
which is more common. These measurements can then be used to evaluate the error function 
either by fitting a linear regression model to the simulation results or by performing a local 
interpolation.  
An example of this process will now be given for the 2D cylinder wake. Note that the 
corrections will be applied to the simulated measurements of both Std5HP_1 and Std5HP_2 as 
opposed to the actual experimental measurements. Section 6.3.1 showed that the measurements 
of Std5HP_1 and Std5HP_2 were accurately predicted using the simulation. Demonstrating the 
correction procedure using only simulation results removes any uncertainty due to other effects 
such spatial resolution differences and probe interference on the flow. 
 The result of applying the above correction procedure to the simulated measurements of 
the Std5HP_1 and Std5HP_2 in the 2D cylinder wake at 𝑥 𝐷⁄  = 5 is shown for total and static 
pressure in Fig. 6.90 and Fig. 6.91, respectively. The plots include the measured result of the 
FR5HP for comparison. Recall that the FR5HP measurement is considered the correct result in 
this context. For each point in the flow, the velocity and turbulence measured by the FR5HP 
were used to evaluate the normalized error functions generated by the simulation, see Fig. 6.88 
and Fig. 6.89. Matlab’s built-in function “scatteredInterpolant” was used to interpolate within the 
dataset. The value of the error function was then scaled by on the local velocity measured by the 
FR5HP. Figures 6.90 and 6.91 clearly demonstrate the effectiveness of this correction procedure. 
Despite the very large errors present in the measurements of the Std5HPs the corrected results 
match the FR5HP measurements very well. 
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6.5.2 Correcting Turbulence-Induced Errors in an Arbitrary Turbulent Flow 
The results of the previous section demonstrated that for 1D mean flows the simulation 
method can be used to generate a dataset of the normalized turbulence-induced error function 
that can be used to correct the measurements of standard five-hole probes if the turbulence levels 
in the flow are known. Recall that Section 6.4.1.4 demonstrated that the error functions were 
affected by the mean flow angle in the turbulent flow. In general it would not be practical to use 
the simulation to develop a datagyi of the normalized turbulence-induced error function for every 
relevant combination of the mean flow angles and turbulence components. For an arbitrary 3D 
flow it will more convenient to run the simulation for every measurement point in the flow. As 
with the correction in the 1D flow it is necessary to know the value of the turbulence components 
and the velocity at the points of interest. Recall form Section 6.4.1.1 that the mean static pressure 
𝐶𝑝𝑠̅̅ ̅̅  input into the simulation acts as a constant offset to the predicted total and static pressure but 
does not affect the turbulence-induced errors predicted by the simulation. To take advantage of 
this fact the simulation can be run with the measured velocity and turbulence components 
(?̅?, ?̅?, ?̅?, 𝑢′2̅̅ ̅̅ , 𝑣′2̅̅ ̅̅ , 𝑤′2̅̅ ̅̅̅) and setting the mean static pressure to zero at every point 𝐶𝑝𝑠̅̅ ̅̅ (𝑦, 𝑧) = 0. 
Under these conditions the correct total pressure in the simulation is:  
 𝐶𝑝𝑡,𝑐,𝑠𝑖𝑚̅̅ ̅̅ ̅̅ ̅̅ ̅̅ =   
1
𝑈∞
2 (?̅?
2
+ ?̅?
2
+ ?̅?
2
)  Eq. 6.18 
After the simulation is run for each point in the flow the value of the turbulence-induced 
error at each point can then be determined based on the difference between the value “measured” 
by the simulated Std5HP and the correct value in the simulation.  
𝐸𝐶𝑝𝑡 =  𝐶𝑝𝑡,𝑚,𝑠𝑖𝑚̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ −  
1
𝑈∞
2 (?̅?
2
+ ?̅?
2
+ ?̅?
2
)  Eq. 6.19 
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𝐸𝐶𝑝𝑠 =  𝐶𝑝𝑠,𝑚,𝑠𝑖𝑚̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ − 0   Eq. 6.20 
Where the subscript 𝑚, 𝑠𝑖𝑚 represents the predicted measurement of the Std5HP used in the 
simulation. The effectiveness of this process is demonstrated for wake of the AR = 3 finite 
cylinder. As with the demonstration in the previous section this correction will be demonstrated 
using simulated measurements as opposed to the experimental measurements. Using the 
measured FR5HP measurements as inputs, the measurements of Std5HP_1 and Std5HP_2 were 
simulated. Note that these simulated results were also presented in Section 6.3.3.1. The 
simulations were then run again with the static pressure set to zero and the errors were calculated 
using Eq. 6.19 and Eq. 6.20. Figure 6.92 shows the absolute value of the turbulence induced 
error in the simulated measurement of total pressure by Std5HP_1 in the wake of the AR = 3 
cylinder. Note that the absolute value of this error is shown to make the results easier to 
visualize. Throughout the majority of the wake the error was in the range of 1 - 2.5% of the 
freestream velocity which was consistent with the measurements shown in Fig. 6.46. The error in 
Fig. 6.92 is the difference between the simulated results of Std5HP_1 and the inputs to the 
simulation which were measured by the FR5HP. After applying the correction process discussed 
above the error in the total pressure was negligible as seen Fig. 6.93. The corresponding results 
for Std5HP_2 are shown in Fig. 6.94 and Fig. 6.95 where again the correction process eliminates 
the turbulence induced error from the simulated measurements. Figures 6.96 and 6.97 show the 
error in the simulated static pressure and the correction result for Std5HP_1 and the 
corresponding results for Std5HP_2 are shown in Figs. 6.98 and 6.99. These results demonstrate 
that the simulation method can be used to correct turbulence induced errors in the measurements 
of Std5HPs in an arbitrary turbulent flow if the mean velocity and turbulence components are 
known.  
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6.5.3 Summary of Correcting Turbulence-Induced Errors in Five-Hole Probes 
The ability to correct the measurements of standard five-hole probes for the effects of 
turbulence has been demonstrated. This process requires that the velocity and turbulence in the 
flow be known. If these values are known then the 5HP simulation method can be used to predict 
the errors in the measurements of the probe. These predicted errors can then be used to correct 
the measurements. In simple flows where the mean velocity is 1D this process can be simplified 
by using the simulation to numerically generate the normalized turbulence-induced error 
functions for total and static pressure. The normalized error function can be scaled to any 
combination of mean velocity and turbulence in an experiment. In an arbitrary 3D flow it would 
be impractical to generate a database representing all relevant values of the flow angles and 
turbulence components and it is instead more convenient to simulate each point. Simulating each 
point can be done if the mean velocity and turbulence components are known. 
 
6.6 The Effects of Turbulence on the Drag Calculated from Five-Hole Probe 
Wake Surveys 
As discussed in Chapter 3 one of the most common uses of five-hole probes is to 
determine the drag based on measurements of velocity and pressure in the wake. In a 2D flow 
such as the wake of a cylinder or airfoil only the total pressure is required to determine the drag 
but in 3D flow the pressure and velocity must be known making the 5HP an attractive method. 
The previous sections have demonstrated that standard 5HPs can incur a significant amount of 
error due to the presence of turbulence in a flow. The turbulent fluctuations contaminate the port 
pressures and these errors are then propagated into the calculation of total pressure, static 
pressure and velocity. This section will present a discussion of how these turbulence-induced 
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errors affect the determination of drag from wake measurements using a Std5HP. Examples will 
be presented from the 2D cylinder wake surveys and the 3D cylinder wake surveys. Due to the 
nature of these flows the focus will be on profile drag. The 3D finite aspect ratio cylinders do 
generate a small amount of vortex-induced drag which will be discussed as well. Note that the 
values of velocity and pressure used to calculate drag throughout this section will be taken from 
the simulations of the standard five-hole probes rather than the experimental measurements. The 
measurements of the FR5HP were used as inputs to these simulations. The simulations were used 
to assess the effects of turbulence on the calculated drag because the simulations isolate the 
effects of the turbulence-induced errors as they do not take into account other factors such as 
spatial resolution or probe interference effects. Throughout this section the “correct drag” will be 
taken to be the result of using the full drag equation and the measurements of the FR5HP. The 
FR5HP is not contaminated by turbulence in the same way as the Std5HP and the measurements 
of the FR5HP can be considered accurate. Using these measurements in the full drag equations 
should provide an accurate estimate of the drag.  
 
6.6.1 The Effects of Turbulence on the 2D Wake Survey Drag Equations 
In Section 3.2.2 it was shown that the profile drag of a 2D body could be expressed as by 
Eq. 3.12 and Eq. 3.13 which are rewritten here. 
 
𝐶𝑑̅̅ ̅ = ∫ −𝐶𝑝𝑠,𝑐̅̅ ̅̅ ̅̅
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 𝑑
𝑦
𝐷
 + 2 ∫ (1 −
𝑈𝑐̅̅ ̅
2
𝑈∞2
)
ℎ
2
−ℎ2
 𝑑
𝑦
𝐷
− 2 ∫
𝑢′2̅̅ ̅̅
𝑈∞2
𝑦𝑤
−𝑦𝑤
 𝑑
𝑦
𝐷
  Eq. 6.21 
 
𝐶𝑑̅̅ ̅ = ∫ (1 − 𝐶𝑝𝑡,𝑐̅̅ ̅̅ ̅̅ )
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 𝑑
𝑦
𝐷
 + ∫ (1 −
𝑈𝑐̅̅ ̅
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ℎ
2
−ℎ2
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𝑦
𝐷
− 2 ∫
𝑢′2̅̅ ̅̅
𝑈∞2
𝑦𝑤
−𝑦𝑤
 𝑑
𝑦
𝐷
  Eq. 6.22 
Where the subscript 𝑐 represents the correct value in the flow. Note that these two equations are 
equivalent. The integral boundaries ±
ℎ
2
 implies the integration must be carried out from wall to 
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wall in the tunnel while the limits ±𝑦𝑤 represents the edge of the wake, see Eq. 3.7. The last term 
in each equation represents the kinetic energy of the axial fluctuations in the flow and represents 
the direct effect of turbulence. By default this term is excluded from the drag calculated using 
Std5HPs because they are unable to measure the turbulence.  
 It should be noted that Eq. 6.21 and Eq. 6.22 are rarely used for 2D flows for three main 
reasons. First, the most wind tunnels utilize Pitot probes to perform wake surveys in 2D flows so 
the turbulence term cannot be measured, but it is common to ignore this problem. Second, each 
equation requires measurements of velocity which requires measurements of total and static 
pressure and static probes are known to be strongly affected by turbulence.
24
 Finally, the limits 
of integration complicate the use of these equations. Outside of the wake the total pressure is 
equal to the freestream total pressure (𝐶𝑝𝑡,𝑐̅̅ ̅̅ ̅̅  = 1)  so the first integral in Eq. 6.22 has no 
contribution outside of the viscous wake. The same is true for the integral of the turbulent 
fluctuations which are zero outside of the wake. The integral of static pressure and velocity 
however are not zero outside of the wake due to blockage in the wind tunnel. The reduced 
velocity in the viscous wake requires that the velocity must increase outside of the wake in order 
for mass to be conserved. Neglecting to integrate from wall to wall will therefore over predict the 
drag because of the additional momentum that is being ignored.  
Equations 6.21 and 6.22 are rarely used in their given form and in addition five-hole 
probes are typically not used for measurements in the wakes of 2D bodies. Despite these 
limitations it will still be instructive to investigate how the turbulence induced errors influence 
the calculation of each term in Eq. 6.21 and Eq. 6.22. Measurements from the 2D cylinder wake 
at 𝑥 𝐷⁄  = 5 will be used to present an overview of how the turbulence can influence the 
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calculation of drag when using the measurements of standard five-hole probes. For each probe 
the different integrals in Eq. 6.21 Eq. 6.22 were calculated.  
 ∫ (1 − 𝐶𝑝𝑡,𝑚̅̅ ̅̅ ̅̅ ̅)
𝑦𝑤
−𝑦𝑤
 𝑑𝑦
𝐷
    Eq. 6.23 
 ∫ −𝐶𝑝𝑠,𝑚̅̅ ̅̅ ̅̅ ̅
𝑦𝑤
−𝑦𝑤
 𝑑𝑦
𝐷
  Eq. 6.24 
 
∫ (1 −
𝑈𝑚̅̅ ̅̅ ̅
2
𝑈∞
2 )
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   Eq. 6.25 
 
∫ 2 (1 −
𝑈𝑚̅̅ ̅̅ ̅
2
𝑈∞
2 )
𝑦𝑤
−𝑦𝑤
 𝑑𝑦
𝐷
   
Eq. 6.26 
Note that the integrals have been confined to the viscous wake region in order to provide a fair 
comparison. Also note that the subscript 𝑐 has been replaced with 𝑚 to indicate the measured 
variable. For the FR5HP the measured variable is considered correct. As explained in 4.3.1.4 
only slightly more than half of the 2D cylinder wake was surveyed.  The integrals above were 
therefore carried out over half of the wake and then multiplied by 2. The result of each integral 
for the 2D cylinder wake at 𝑥 𝐷⁄  = 5 are shown in Table 6.15 for Eq. 6.22 and Table 6.16 for Eq. 
6.21.  
Table 6.15 Comparison of the different integrals in Eq. 6.22 for 2D cylinder wake 𝒙 𝑫⁄  = 5 
 
∫ (𝟏 − 𝑪𝒑𝒕,𝒎̅̅ ̅̅ ̅̅ ̅)
𝒚𝒘
−𝒚𝒘
 𝒅
𝒚
𝑫
 ∫ (𝟏 −
𝑼𝒎̅̅ ̅̅̅
𝟐
𝑼∞𝟐
)
𝒚𝒘
−𝒚𝒘
 𝒅
𝒚
𝑫
 
FR5HP 1.47 0.69 
Std5HP_1 1.55 0.26 
Std5HP_2 1.49 0.32 
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Table 6.16 Comparison of the different integrals in Eq. 6.21 for 2D cylinder wake 𝒙 𝑫⁄  = 5 
 
∫ −𝑪𝒑𝒔,𝒎̅̅ ̅̅ ̅̅ ̅
𝒚𝒘
−𝒚𝒘
 𝒅
𝒚
𝑫
 𝟐 ∫ (𝟏 −
𝑼𝒎̅̅ ̅̅̅
𝟐
𝑼∞𝟐
)
𝒚𝒘
−𝒚𝒘
 𝒅
𝒚
𝑫
 
FR5HP 0.77 1.39 
Std5HP_1 1.29 0.51 
Std5HP_2 1.17 0.64 
 
The result of each calculation demonstrates that the Std5HPs will arrive at a significantly 
different value for the drag when using Eq. 6.21 or Eq. 6.22. The integral of total pressure loss in 
Table 6.15, which for the simulations was shown in Fig. 6.61, showed the least variability 
between the probes due to the relative effects of axial and transverse fluctuations which reduce 
the error in total pressure relative to static pressure. The integral of the static pressure showed 
significant variability between the two probes with Std5HP_1 and Std5HP_2 overestimating its 
value by 68% and 52% respectively. The large error in static pressure measured by the standard 
probes, see Fig. 6.62, resulted in significant errors in the integrals of axial velocity loss as well, 
with Std5HP_1 and Std5HP_2 under predicting its value by 58% and 54%, respectively. This 
result is to be expected given that the standard five-hole probes measured a higher velocity than 
the FR5HP primarily due to the large error in static pressure.  
 
6.6.2 The Effects of Turbulence on the 3D Wake Survey Drag Equations 
Five-hole probes are most commonly used to survey 3D bodies. The wake survey 
equations for 3D bodies were derived in Section 3.2.4 where it was shown that the drag could be 
decomposed into profile and vortex drag components, Eq. 3.51 and Eq. 3.52 are rewritten here. 
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Eq. 6.27 
 
 
𝐶𝐷𝑣̅̅ ̅̅ ̅ =   
1
𝑈∞
2 ∬ ?̅?𝜉̅ 𝑑 (
𝑆𝑤
𝑆𝑏
)
𝑤
  Eq. 6.28 
Where 𝑆𝑏 is the reference area of the model in the wind tunnel. These equations were used to 
calculate the profile and vortex drag of the AR = 3 and AR = 5 cylinders described in Section 
4.3.3. Note that the term vortex drag is used as opposed to induced drag because the finite 
cylinder does not generate lift. The measurements from the FR5HP and the simulations of 
Std5HP_1 and Std5HP_2 were used for these calculations.  
 The main goal of deriving the 3D wake survey equations was to develop equations that 
only required measurements in the viscous wake. The integrands in the above equations are 
theoretically zero outside of the viscous wake. Due to experimental error there will always be 
some amount of noise outside of the viscous wake that would influence the integrated result. To 
avoid this problem the edges of the wake were found based on the measurements of 𝐶𝑝𝑡̅̅ ̅̅  using the 
method described in Diebold.
57
 The points determined to be outside of the wake were excluded 
from the integration. 
 Table 6.17 lists the profile drag and the vortex drag determined by each probe for the AR 
= 3 cylinder and Table 6.18 shows the corresponding results for the AR = 5 cylinder. Note that 
for the purpose of this discussion the measurement by the FR5HP will be considered the 
“correct” value. Each table includes the profile drag measured by the FR5HP with and without 
the direct effect of turbulence included. The direct effect of turbulence is the integral of the axial 
fluctuations throughout the wake. Neglecting this terms results in an over prediction of the 
profile drag because of the neglect of axial momentum in the fluctuating velocity field. Table 
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6.17 shows that including the direct effect of turbulence reduced the profile drag coefficient 
measured by the FR5HP by 7.7%, and Table 6.18 shows that the direct effect of turbulence 
reduced the profile drag coefficient measured by the FR5HP by 5.1%. 
Comparing the profile drag, without the direct effect, measured by all probes for the AR 
= 3 cylinder shows relatively little difference between the probes. The difference between the 
FR5HP and the standard five-hole probes, when the direct effect is neglected, represents the 
indirect effect of turbulence. The results showed that Std5HP_1 measured a slightly higher 
profile drag by 2.4% while Std5HP_1 measured a lower profile drag coefficient than the FR5HP 
by 0.6%. Relative to the profile drag coefficient that includes the direct effect both Std5HPs over 
predicted the profile drag. The indirect effects of turbulence on the profile drag of the AR = 5 
cylinder were slightly higher. When the direct effect was neglected Std5HP_1 measured a higher 
profile drag coefficient than the FR5HP by 6.2% while the error for Std5HP_2 was -2.2%. Due 
to the complexity in the equation for profile drag of a 3D body it is more difficult to anticipate 
whether a Std5HP will measure a higher or lower profile drag compared to the FR5HP.  
Table 6.17 Profile and vortex drag components of the AR = 3 cylinder measured by the 
different five-hole probes.  
 𝐂𝐃𝐩̅̅ ̅̅ ̅ (No Direct Effect) 𝐂𝐃𝐩̅̅ ̅̅ ̅ (w/ Direct Effect) 𝐂𝐃𝐯̅̅ ̅̅ ̅ 
FR5HP 0.857 0.7910 0.0139 
Std5HP_1 0.8779 ------- 0.0112 
Std5HP_2 0.852 ------- 0.0146 
 
Table 6.18 Profile and vortex drag components of the AR = 5 cylinder measured by the 
different five-hole probes. 
 𝐂𝐃𝐩̅̅ ̅̅ ̅ (No Direct Effect) 𝐂𝐃𝐩̅̅ ̅̅ ̅ (w/ Direct Effect) 𝐂𝐃𝐯̅̅ ̅̅ ̅ 
FR5HP 0.779 0.7397 0.0091 
Std5HP_1 0.827 ------- 0.0077 
Std5HP_2 0.796 ------- 0.0094 
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 Table 6.17 and Table 6.18 also include the vortex drag calculated from the wake 
measurements. The vortex drag of the finite cylinder had a very minor influence on the overall 
drag of the object, which is expected given the large wake of the blunt finite cylinders. Despite 
the relatively small value of the vortex drag coefficient there was still an indirect effect of the 
turbulence. The vortex drag was calculated using the vorticity in the flowfield. The streamwise 
vorticity, defined in Eq. 3.40, was calculated using central differencing of the transverse velocity 
components. The streamwise vorticity measured by the FR5HP in the AR = 3 wake is shown in 
Fig. 6.100. The two large concentrations of opposite signed vorticity were due to the trailing 
vortex system shed from the free end of the cylinder. Figure 6.101 shows the difference between 
the streamwise vorticity measured by Std5HP_2 and the FR5HP for the AR = 3 cylinder, note 
that Fig. 6.100 and Fig. 6.101 do not use the same scale for the contours so that the error can 
clearly be seen. The concentrations of maximum error in the streamwise vorticity were located 
near the vortex cores and below the vortex cores in approximately the same region that 
corresponded to the maximum error in the velocity. The maximum errors in vorticity were 
approximately 10% of the maximum vorticity measured by the FR5HP. The turbulence-induced 
errors in the measurements of vorticity are complex because it depends on the error in total 
pressure, static pressure, the flow angles and spatial derivative of these errors. The results in 
Table 6.17, AR = 3 cylinder, show that relative to the FR5HP, Std5HP_1 underpredicted the 
vortex drag by 19.4% and Std5HP_1 overpredicted the vortex drag by 4.8%. This result is 
consistent with the experimental results which showed a larger error in the velocity measured by 
Std5HP_1, because of the larger error in the static pressure. For the AR = 5 cylinder, Table 6.18, 
the Std5HP_1 underpredicted vortex drag by 15.4% while Std5HP_2 overpredicted vortex drag 
by 3.3% relative to the FR5HP. 
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 This preliminary investigation into the effects of turbulence on the drag calculated from 
5HP wake measurements indicates that the influence of turbulence-induced errors should not be 
ignored. It also appears that the error in vortex drag may be more sensitive to turbulence than 
profile drag. This observation is likely because a large portion of profile drag results from the 
loss in total pressure which in the wake of the finite cylinders was shown to have regions of 
positive and negative error which act to cancel each other out. A more detailed study to 
investigate the effects of turbulence on the various terms in the drag equation is need. To fully 
understand how turbulence-induced errors influence the determination of vortex drag a more 
detailed study is required to understand how these errors influence the vorticity calculation. This 
study would ideally be conducted in a flowfield that contains higher levels of vorticity than the 
3D cylinder, such as the wake of a 3D lifting body.  
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6.7 Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.1 Error in yaw angle β as a function of β for the FR5HP (Std5JP_1) and Std5HP_2 in 
a laminar steady flow. 
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Fig. 6.2 Error in total pressure coefficient as a function of β for the FR5HP (Std5JP_1) and 
Std5HP_2 in a laminar steady flow. 
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Fig. 6.3 Error in static pressure coefficient as a function of β for the FR5HP (Std5JP_1) 
and Std5HP_2 in a laminar steady flow. 
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Fig. 6.4 Error in velocity magnitude as a function of β for the FR5HP (Std5JP_1) and 
Std5HP_2 in a laminar steady flow. 
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Fig. 6.5 Comparison of streamwise velocity measured by the FR5HP and PIV in the 
wake of a 2D cylinder. x/D = 5, Re = 75x10
3
. 
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Fig. 6.6 Comparison of streamwise velocity measured by the FR5HP and PIV in the 
wake of a 2D cylinder. x/D = 10, Re = 75x10
3
. 
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Fig. 6.7 Comparison of the RMS turbulent fluctuations in the axial (𝒖′) and transverse 
(𝒗′) directions measured by the FR5HP and PIV in the wake of a 2D cylinder. x/D = 5, 
Re = 75x10
3
. 
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Fig. 6.8 Comparison of the RMS turbulent fluctuations in the axial (𝒖′) and transverse 
(𝒗′) directions measured by the FR5HP and PIV in the wake of a 2D cylinder. x/D = 
10, Re = 75x10
3
. 
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Fig. 6.9 Effects of spatial averaging on the meausrements of the turbulent fluctuations 
measured by the PIV. Instantaneous vectors within a 10x10 pixel window were 
averaged. x/D = 5, Re = 75x10
3
. 
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Fig. 6.10 Comparison of the Reynolds shear stresses measured by the FR5HP and 
PIV in the wake of a 2D cylinder. x/D = 5, Re = 75x10
3
. Note that the PIV setup 
could only measure 𝒖′𝒗′̅̅ ̅̅ ̅. 
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Fig. 6.11 Comparison of the Reynolds shear stresses measured by the FR5HP and 
PIV in the wake of a 2D cylinder. x/D = 10, Re = 75x10
3
. Note that the PIV setup 
could only measure 𝒖′𝒗′̅̅ ̅̅ ̅. 
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Fig. 6.12 Yaw angle 𝜷 measured by the FR5HP in the Turbulent Probe Angularity 
Experiment as a function the probe angle 𝜽𝒑𝒓𝒐𝒃𝒆 relative to the flow.  
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Fig. 6.13 Total pressure coefficient measured by the FR5HP in the Turbulent Probe 
Angularity Experiment as a function the probe angle 𝜽𝒑𝒓𝒐𝒃𝒆 relative to the flow.  
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Fig. 6.14 Static pressure coefficient measured by the FR5HP in the Turbulent Probe 
Angularity Experiment as a function the probe angle 𝜽𝒑𝒓𝒐𝒃𝒆 relative to the flow.  
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Fig. 6.15 Histogram of 𝜷 measured by the FR5HP at 𝜽𝒑𝒓𝒐𝒃𝒆 = 0 in the Turbulent Probe 
Angularity Experiment at 𝒙 𝑫⁄  = 8. 
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Fig. 6.16 RMS of the turbulent axial fluctuations 𝒖′ measured by the FR5HP in the 
wake of the 2D cylinder for at different downstream locations. Re = 75x10
3
.  
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Fig. 6.17 RMS of the turbulent transverse fluctuations 𝒗′ measured by the FR5HP in the 
wake of the 2D cylinder for at different downstream locations. Re = 75x10
3
.  
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Fig. 6.18 RMS of the turbulent transverse fluctuations 𝒘′ measured by the FR5HP in 
the wake of the 2D cylinder for at different downstream locations. Re = 75x10
3
.  
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Fig. 6.19 Total pressure coefficient in the wake of the 2D cylinder measured by the 
different five-hole probes. 𝒙 𝑫⁄  = 5, Re = 75x103. 
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Fig. 6.20 Static pressure coefficient in the wake of the 2D cylinder measured by the 
different five-hole probes. 𝒙 𝑫⁄  = 5,  Re = 75x103. 
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Fig. 6.21 Velocity in the wake of the 2D cylinder measured by the different five-hole 
probes. 𝒙 𝑫⁄  = 5, Re = 75x103.  
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Fig. 6.22 Total pressure coefficient in the wake of the 2D cylinder measured by the 
different five-hole probes. 𝒙 𝑫⁄  = 10, Re = 75x103. Includes measurements from a 
chamfered Pitot probe and a tapered Pitot probe from Lu and Bragg,
14
 see Fig. 2.3. 
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Fig. 6.23 Static pressure coefficient in the wake of the 2D cylinder measured by the 
different five-hole probes. 𝒙 𝑫⁄  = 10, Re = 75x103.  
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Fig. 6.24 Velocity in the wake of the 2D cylinder measured by the different five-hole 
probes. 𝒙 𝑫⁄  = 10.0, Re = 75x103. 
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Fig. 6.25 Total pressure coefficient in the wake of the 2D cylinder measured by the 
different five-hole probes. 𝒙 𝑫⁄  = 15, Re = 75x103. 
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Fig. 6.26 Static pressure coefficient in the wake of the 2D cylinder measured by the 
different five-hole probes. 𝒙 𝑫⁄  = 15, Re = 75x103. 
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Fig. 6.27 Velocity in the wake of the 2D cylinder measured by the different five-hole 
probes. 𝒙 𝑫⁄  = 15, Re = 75x103.  
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Fig. 6.28 Total pressure coefficient in the wake of the 2D cylinder measured by the 
different five-hole probes. 𝒙 𝑫⁄  = 20, Re = 75x103. 
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Fig. 6.29 Static pressure coefficient in the wake of the 2D cylinder measured by the 
different five-hole probes. 𝒙 𝑫⁄  = 20,  Re = 75x103. 
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Fig. 6.30 Velocity in the wake of the 2D cylinder measured by the different five-hole 
probes. 𝒙 𝑫⁄  = 20, Re = 75x103.  
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Fig. 6.31 Yaw angle 𝜷 measured by the FR5HP and Std5HP_1 in the Turbulent Probe 
Angularity Experiment vs. probe angle 𝜽𝒑𝒓𝒐𝒃𝒆 relative to the flow. 𝒙 𝑫⁄  = 8.0 and 12, Re 
= 112.5x10
3
.  
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Fig. 6.32 Total pressure coefficient measured by the FR5HP and Std5HP_1 in the 
Turbulent Probe Angularity Experiment vs. probe angle 𝜽𝒑𝒓𝒐𝒃𝒆 relative to the flow. 
𝒙 𝑫⁄  = 8.0 and 12, Re = 112.5x103.  
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Fig. 6.33 Static pressure coefficient measured by the FR5HP and Std5HP_1 in the 
Turbulent Probe Angularity Experiment vs. probe angle 𝜽𝒑𝒓𝒐𝒃𝒆 relative to the flow. 
𝒙 𝑫⁄  = 8.0 and 12, Re = 112.5x103.  
 
 216  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.34 Total pressure (contours) measured by the FR5HP in the wake of the AR = 3 
finite cylinder. Vectors represent the mean transverse velocity. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 
Fig. 6.35 Pitch angle 𝜶 (contours) measured by the FR5HP in the wake of the AR = 3 
finite cylinder. Vectors represent the mean transverse velocity. 𝒙 𝑫⁄  = 8, Re = 150x103.  
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Fig. 6.36 Yaw angle 𝜷 (contours) measured by the FR5HP in the wake of the AR = 3 
finite cylinder. Vectors represent the mean transverse velocity. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 
Fig. 6.37 RMS of streamwise fluctuations 𝒖′𝒓𝒎𝒔 (contours) measured by the FR5HP in 
the wake of the AR = 3 finite cylinder. Vectors represent the mean transverse velocity. 
𝒙 𝑫⁄  = 8, Re = 150x103.  
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Fig. 6.38 RMS of horizontal transverse fluctuations 𝒗′𝒓𝒎𝒔 (contours) measured by the 
FR5HP in the wake of the AR = 3 finite cylinder. Vectors represent the mean transverse 
velocity. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 
Fig. 6.39 RMS of vertical transverse fluctuations 𝒘′𝒓𝒎𝒔 (contours) measured by the 
FR5HP in the wake of the AR = 3 finite cylinder. Vectors represent the mean transverse 
velocity. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 219  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.40 Total pressure (contours) measured by the FR5HP in the wake of the 
AR = 5 finite cylinder. Vectors represent the mean transverse velocity. 𝒙 𝑫⁄  = 8, 
Re = 150x10
3
.  
 
 
 
Fig. 6.41 Pitch angle 𝜶 (contours) measured by the FR5HP in the wake of the AR 
= 5 finite cylinder. Vectors represent the mean transverse velocity. 𝒙 𝑫⁄  = 8, Re = 
150x10
3
. 
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Fig. 6.42 Yaw angle 𝜷 (contours) measured by the FR5HP in the wake of the AR 
= 5 finite cylinder. Vectors represent the mean transverse velocity. 𝒙 𝑫⁄  = 8, Re 
= 150x10
3
.  
 
 
 
Fig. 6.43 RMS of streamwise fluctuations 𝒖′𝒓𝒎𝒔 (contours) measured by the 
FR5HP in the wake of the AR = 5 finite cylinder. Vectors represent the mean 
transverse velocity. 𝒙 𝑫⁄  = 8, Re = 150x103. 
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Fig. 6.44 RMS of horizontal transverse fluctuations 𝒗′𝒓𝒎𝒔 (contours) measured 
by the FR5HP in the wake of the AR = 5 finite cylinder. Vectors represent the 
mean transverse velocity. 𝒙 𝑫⁄  = 8, Re = 150x103. 
 
 
 
Fig. 6.45 RMS of vertical transverse fluctuations 𝒘′𝒓𝒎𝒔 (contours) measured by 
the FR5HP in the wake of the AR = 5 finite cylinder. Vectors represent the 
mean transverse velocity. 𝒙 𝑫⁄  = 8, Re = 150x103. 
 
 
 222  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.46 Error in total pressure 𝑬𝑪𝒑𝒕 (contours) measured by Std5HP_1 in the wake of 
the AR = 3 finite cylinder. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 
Fig. 6.47 Error in total pressure 𝑬𝑪𝒑𝒕 (contours) measured by Std5HP_2 in the wake of 
the AR = 3 finite cylinder. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 
 223  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.48 Error in static pressure 𝑬𝑪𝒑𝒔 (contours) measured by Std5HP_1 in the wake of 
the AR = 3 finite cylinder. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 
Fig. 6.49 Error in static pressure 𝑬𝑪𝒑𝒔 (contours) measured by Std5HP_2 in the wake of 
the AR = 3 finite cylinder. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 
 224  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.50 Error in streamwise velocity 𝑬𝑼 (contours) measured by Std5HP_1 in the wake 
of the AR = 3 finite cylinder. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 
Fig. 6.51 Error in streamwise velocity 𝑬𝑼 (contours) measured by Std5HP_2 in the wake 
of the AR = 3 finite cylinder. 𝒙 𝑫⁄  = 8, Re = 150x103.  
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Fig. 6.52 Error in pitch angle 𝑬𝜶 (contours) measured by Std5HP_1 in the wake of the 
AR = 3 finite cylinder. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 
Fig. 6.53 Error in pitch angle 𝑬𝜶 (contours) measured by Std5HP_2 in the wake of the 
AR = 3 finite cylinder. 𝒙 𝑫⁄  = 8, Re = 150x103.  
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Fig. 6.54 Error in yaw angle 𝑬𝜷 (contours) measured by Std5HP_1 in the wake of the 
AR = 3 finite cylinder. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 
Fig. 6.55 Error in yaw angle 𝑬𝜷 (contours) measured by Std5HP_2 in the wake of the 
AR = 3 finite cylinder. 𝒙 𝑫⁄  = 8, Re = 150x103.  
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Fig. 6.56 Error in total pressure 𝑬𝑪𝒑𝒕 (contours) measured by Std5HP_1 in the 
wake of the AR = 5 finite cylinder. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 
 
Fig. 6.57 Error in static pressure 𝑬𝑪𝒑𝒔 (contours) measured by Std5HP_1 in the 
wake of the AR = 5 finite cylinder. 𝒙 𝑫⁄  = 8, Re = 150x103.  
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Fig. 6.58 streamwise velocity 𝑬𝑼  (contours) measured by Std5HP_1 in the wake 
of the AR = 5 finite cylinder. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 
 
Fig. 6.59 Error in pitch angle 𝑬𝜶 (contours) measured by Std5HP_1 in the wake 
of the AR = 5 finite cylinder. 𝒙 𝑫⁄  = 8, Re = 150x103.  
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Fig. 6.60 Error in yaw angle 𝑬𝜷 (contours) measured by Std5HP_1 in the wake 
of the AR = 5 finite cylinder. 𝒙 𝑫⁄  = 8, Re = 150x103.  
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Fig. 6.61 Total pressure comparison of the simulation to the measurements in the 2D 
cylinder wake. Time-averaged FR5HP measurements were used as the input to the 
simulation. 𝒙 𝑫⁄  = 5, Re = 75x103. 
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Fig. 6.62 Static pressure comparison of the simulation to the measurements in the 2D 
cylinder wake. Time-averaged FR5HP measurements were used as the input to the 
simulation. 𝒙 𝑫⁄  = 5, Re = 75x103. 
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Fig. 6.63 Velocity comparison of the simulation to the measurements in the 2D cylinder 
wake. Time-averaged FR5HP measurements were used as the input to the simulation. 
𝒙 𝑫⁄  = 5, Re = 75x103. 
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Fig. 6.64 Total pressure comparison of the simulation to the measurements in the 2D 
cylinder wake. Time-averaged FR5HP measurements were used as the input to the 
simulation. 𝒙 𝑫⁄  = 10, Re = 75x103. 
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Fig. 6.65 Static pressure comparison of the simulation to the measurements in the 2D 
cylinder wake. Time-averaged FR5HP measurements were used as the input to the 
simulation. 𝒙 𝑫⁄  = 10, Re = 75x103. 
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Fig. 6.66 Velocity comparison of the simulation to the measurements in the 2D cylinder 
wake. Time-averaged FR5HP measurements were used as the input to the simulation. 
𝒙 𝑫⁄  = 10, Re = 75x103. 
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Fig. 6.67 Comparison of yaw angle from the simulation to the measurements in the 
Turbulent Probe Angularity Experiment. Time-averaged FR5HP measurements were 
used as the input to the simulation.  𝒙 𝑫⁄  = 8.0 and 12, Re = 112.5x103. 
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Fig. 6.68 Comparison of the total pressure coefficient from the simulation to the 
measurements in the Turbulent Probe Angularity Experiment. Time-averaged FR5HP 
measurements were used as the input to the simulation.  𝒙 𝑫⁄  = 8.0 and 12, Re = 
112.5x10
3
. 
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Fig. 6.69 Comparison of the static pressure coefficient from the simulation to the 
measurements in the Turbulent Probe Angularity Experiment. Time-averaged FR5HP 
measurements were used as the input to the simulation.  𝒙 𝑫⁄  = 8.0 and 12, Re = 
112.5x10
3
. 
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Fig. 6.70 Difference in total pressure between the simulation and measurements of 
Std5HP_1 in the wake of the AR = 3 finite cylinder. Time-averaged FR5HP 
measurements were used as the input to the simulation. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 
Fig. 6.71 Difference in static pressure between the simulation and measurements of 
Std5HP_1 in the wake of the AR = 3 finite cylinder. Time-averaged FR5HP 
measurements were used as the input to the simulation. 𝒙 𝑫⁄  = 8, Re = 150x103.  
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Fig. 6.72 Difference in streamwise velocity between the simulation and measurements of 
Std5HP_1 in the wake of the AR = 3 finite cylinder. Time-averaged FR5HP 
measurements were used as the input to the simulation. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 
Fig. 6.73 Difference in pitch angle between the simulation and measurements of 
Std5HP_1 in the wake of the AR = 3 finite cylinder. Time-averaged FR5HP 
measurements were used as the input to the simulation. 𝒙 𝑫⁄  = 8, Re = 150x103.  
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Fig. 6.74 Difference in yaw angle between the simulation and measurements of 
Std5HP_1 in the wake of the AR = 3 finite cylinder. Time-averaged FR5HP 
measurements were used as the input to the simulation. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 
Fig. 6.75 Difference in total pressure between the simulation and measurements of 
Std5HP_2 in the wake of the AR = 3 finite cylinder. Time-averaged FR5HP 
measurements were used as the input to the simulation. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 242  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.76 Difference in static pressure between the simulation and measurements of 
Std5HP_2 in the wake of the AR = 3 finite cylinder. Time-averaged FR5HP 
measurements were used as the input to the simulation. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 
Fig. 6.77 Difference in streamwise velocity between the simulation and measurements of 
Std5HP_2 in the wake of the AR = 3 finite cylinder. Time-averaged FR5HP 
measurements were used as the input to the simulation. 𝒙 𝑫⁄  = 8, Re = 150x103. 
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Fig. 6.78 Difference in total pressure between the simulation and measurements 
of Std5HP_1 in the wake of the AR = 5 finite cylinder. Time-averaged FR5HP 
measurements were used as the input to the simulation. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 
 
Fig. 6.79 Difference in static pressure between the simulation and measurements 
of Std5HP_1 in the wake of the AR = 5 finite cylinder. Time-averaged FR5HP 
measurements were used as the input to the simulation. 𝒙 𝑫⁄  = 8, Re = 150x103. 
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Fig. 6.80 Difference in streamwise velocity between the simulation and 
measurements of Std5HP_1 in the wake of the AR = 5 finite cylinder. Time-
averaged FR5HP measurements were used as the input to the simulation. 𝒙 𝑫⁄  = 
8, Re = 150x10
3
.  
 
 
 
Fig. 6.81 Difference in pitch angle between the simulation and measurements of 
Std5HP_1 in the wake of the AR = 5 finite cylinder. Time-averaged FR5HP 
measurements were used as the input to the simulation. 𝒙 𝑫⁄  = 8, Re = 150x103. 
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Fig. 6.82 Difference in yaw angle between the simulation and measurements of 
Std5HP_1 in the wake of the AR = 5 finite cylinder. Time-averaged FR5HP 
measurements were used as the input to the simulation. 𝒙 𝑫⁄  = 8, Re = 150x103. 
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Fig. 6.83 The error in total pressure 𝑬𝑪𝒑𝒕 predicted from simulations of Std5HP_1 
as a function of the transverse turbulent fluctuations non-dimensionalized by the 
freestream velocity for two different values of the mean velocity. 𝒖′𝟐̅̅ ̅̅ 𝑼∞
𝟐⁄ = 0.04. 
?̅? = ?̅? = 0. 𝑪𝒑𝒔̅̅ ̅̅̅ = 0.  
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Fig. 6.84 The normalized error in total pressure 𝑬𝑪𝒑𝒕
∗  predicted from simulations 
of Std5HP_1 as a function of the transverse turbulent fluctuations non-
dimensionalized by the local mean velocity. 𝒖′𝟐̅̅ ̅̅ ?̅?𝟐⁄ = 0.04. ?̅? = ?̅? = 0. 𝑪𝒑𝒔̅̅ ̅̅̅ = 0.  
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Fig. 6.85 The effect of the Reynolds Shear Stresses (RSS) on the total pressure predicted 
by the simulations of Std5HP_1 and Std5HP_2 in the wake of the 2D cylinder at 𝒙 𝑫⁄  = 
5. Time-averaged FR5HP measurements were used as the input to the simulation. For 
the results labeled (No RSS) the Reynold Shear Stresses were set to zero in the 
simulation. Re = 75x10
3
. 
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Fig. 6.86 The effect of the Reynolds Shear Stresses (RSS) on the static pressure 
predicted by the simulations of Std5HP_1 and Std5HP_2 in the wake of the 2D cylinder 
at 𝒙 𝑫⁄  = 5. Time-averaged FR5HP measurements were used as the input to the 
simulation. For the results labeled (No RSS) the Reynold Shear Stresses were set to zero 
in the simulation. Re = 75x10
3
. 
 
 250  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.87 The effect of the Reynolds Shear Stresses (RSS) on yaw angle predicted by the 
simulation of Std5HP_1 in the Turbulent Probe Angularity Experiment at 𝒙 𝑫⁄  = 8. 
Time-averaged FR5HP measurements were used as the input to the simulation. For the 
results labeled (No RSS) the Reynold Shear Stresses were set to zero in the simulation.  
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Fig. 6.88 Contours of the total pressure normalized turbulence-induced error function 
𝑬𝑪𝒑𝒕
∗ for Std5HP_1 as a function of the axial 𝒖′𝟐̅̅ ̅̅ ?̅?𝟐⁄  and transverse 
𝟏
𝟐
(𝒗′𝟐̅̅ ̅̅ + 𝒘′𝟐̅̅ ̅̅ ̅) ?̅?𝟐⁄  
fluctuations normalized by the local mean velocity. ?̅? = ?̅? = 0. 𝑪𝒑𝒔̅̅ ̅̅̅ = 0. 
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Fig. 6.89 Contours of the static pressure normalized turbulence-induced error function 
𝑬𝑪𝒑𝒔
∗ for Std5HP_1 as a function of the axial 𝒖′𝟐̅̅ ̅̅ ?̅?𝟐⁄  and transverse 
𝟏
𝟐
(𝒗′𝟐̅̅ ̅̅ + 𝒘′𝟐̅̅ ̅̅ ̅) ?̅?𝟐⁄  
fluctuations normalized by the local mean velocity. ?̅? = ?̅? = 0. 𝑪𝒑𝒔̅̅ ̅̅̅ = 0. 
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Fig. 6.90 Comparison of “measured” total pressure and corrected (Corr.) total pressure 
predicted by the simulations of Std5HP_1 and Std5HP_2 in the wake of the 2D cylinder 
at 𝒙 𝑫⁄  = 5. Time-averaged FR5HP measurements were used as the input to the 
simulation, neglecting Reynolds shear stresses. Measured turbulence levels used to 
determine the turbulence-induced error. Re = 75x10
3
. 
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Fig. 6.91 Comparison of “measured” static pressure and corrected (Corr.) static 
pressure predicted by the simulations of Std5HP_1 and Std5HP_2 in the wake of the 2D 
cylinder at 𝒙 𝑫⁄  = 5. Time-averaged FR5HP measurements were used as the input to the 
simulation, neglecting Reynolds shear stresses. Measured turbulence levels used to 
determine the turbulence-induced error. Re = 75x10
3
. 
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Fig. 6.92 Absolute value of the turbulence-induced error in total pressure predicted by a 
simulation of Std5HP_1 in the wake of the AR = 3 finite cylinder. Time-averaged 
FR5HP measurements were used as the input to the simulation, neglecting Reynolds 
shear stresses. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 
Fig. 6.93 Absolute value of the error in total pressure after applying the turbulence 
correction to the result of a simulation of Std5HP_1 in the wake of the AR = 3 finite 
cylinder. Time-averaged FR5HP measurements were used as the input to the 
simulation, neglecting Reynolds shear stresses. 𝒙 𝑫⁄  = 8, Re = 150x103.  
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Fig. 6.94 Absolute value of the turbulence-induced error in total pressure predicted by a 
simulation of Std5HP_2 in the wake of the AR = 3 finite cylinder. Time-averaged 
FR5HP measurements were used as the input to the simulation, neglecting Reynolds 
shear stresses. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 
Fig. 6.95 Absolute value of the error in total pressure after applying the turbulence 
correction to the result of a simulation of Std5HP_2 in the wake of the AR = 3 finite 
cylinder. Time-averaged FR5HP measurements were used as the input to the 
simulation, neglecting Reynolds shear stresses. 𝒙 𝑫⁄  = 8, Re = 150x103.  
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Fig. 6.96 Absolute value of the turbulence-induced error in static pressure predicted by 
a simulation of Std5HP_1 in the wake of the AR = 3 finite cylinder. Time-averaged 
FR5HP measurements were used as the input to the simulation, neglecting Reynolds 
shear stresses. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 
Fig. 6.97 Absolute value of the error in static pressure after applying the turbulence 
correction to the result of a simulation of Std5HP_1 in the wake of the AR = 3 finite 
cylinder. Time-averaged FR5HP measurements were used as the input to the 
simulation, neglecting Reynolds shear stresses. 𝒙 𝑫⁄  = 8, Re = 150x103.  
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Fig. 6.98 Absolute value of the turbulence-induced error in static pressure predicted by 
a simulation of Std5HP_2 in the wake of the AR = 3 finite cylinder. Time-averaged 
FR5HP measurements were used as the input to the simulation, neglecting Reynolds 
shear stresses. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 
Fig. 6.99 Absolute value of the error in static pressure after applying the turbulence 
correction to the result of a simulation of Std5HP_2 in the wake of the AR = 3 finite 
cylinder. Time-averaged FR5HP measurements were used as the input to the 
simulation, neglecting Reynolds shear stresses. 𝒙 𝑫⁄  = 8, Re = 150x103.  
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Fig. 6.100 Streamwise vorticity in the wake of the AR = 3 cylinder measured by the 
FR5HP. 𝒙 𝑫⁄  = 8, Re = 150x103.  
 
 
Fig. 6.101 Error in vorticity predicted by the simulation of Std5HP_2 in the wake of the 
AR = 3 cylinder. 𝒙 𝑫⁄  = 8, Re = 150x103.  
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Chapter 7 
Conclusions and Recommendations  
7.1 Conclusions  
This research investigated the effects of turbulence on the measurements of standard five-
hole probes. The effects of turbulence on the measurements of Pitot probes are relatively well 
understood.
14,15
 It is known that the fluctuating velocity contaminates the pressure measurements 
because of the nonlinear relationship between pressure and velocity and the angular response of 
the pressure probe. This fundamental effect was expected to contaminate the measurements of 
multi-hole probes as well and the focus of this research was to study and model these effects on 
five-hole probes.  
Previous attempts to study the effects of turbulence on 5HP measurements lacked 
accurate measurements of total and static pressure in the turbulent flows. An important aspect of 
the research presented in this dissertation was the use of a fast-response five-hole probe which 
was capable of measuring the total and static pressure in a turbulent flow. These measurements 
were used to quantify the turbulence-induced errors in the measurements of two different 
standard five-hole probes in a variety of turbulent wakes. The results of these experiments lead to 
the following observations.  
 In the wake of the 2D cylinder the maximum error in total pressure of 
approximately -14% of 𝑞∞, lower than the true value, was observed in the center 
of the wake at 𝑥 𝐷⁄  = 5. At 𝑥 𝐷⁄  = 5 the error outside the central portion of the 
wake (𝑦 𝐷⁄ >±0.5) total pressure was negligible.  
 The total pressure error in the wake of the 2D cylinder for 𝑥 𝐷⁄  > 5 was generally 
small. 
 261  
 
 In the wakes of the 3D finite aspect ratio (AR) cylinders the total pressure error 
was typically within the range of ±2% of 𝑞∞ and negative error, lower than the 
true value, was found in the center of the wake while positive error, higher than 
the true value, was found along the edges of the wake. 
 The error in static pressure was observed to always be lower than the true value 
(larger negative value) throughout the entire viscous wake of both the 2D and 3D 
cylinders.  
 In the 2D cylinder wake, maximum errors in static pressure of approximately -6 to  
-25% of 𝑞∞ were observed in the measurements of Std5HP_1 and Std5HP_2 on 
the wake centerline.  
 In the 3D cylinder wakes, maximum static pressure errors of approximately -5 to -
9% of 𝑞∞ were observed in the measurements of Std5HP_1 and Std5HP_2, 
respectively. 
 The magnitude of the error in static pressure was larger for Std5HP_1 than 
Std5HP_2. 
 Due to the large negative error in static pressure in the 2D and 3D cylinder wakes 
the error in the magnitude of the velocity was found generally be positive. The 
Std5HPs measured a velocity that was higher than correct value. 
 In the 2D cylinder wake, maximum errors in velocity on the order of +4 to +8% 
of 𝑈∞ were observed in the measurements of Std5HP_1 and Std5HP_2 on the 
wake centerline.  
 In the 3D cylinder wake, the maximum error of approximately +5% of 𝑈∞ was 
observed in both probe measurements.  
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The most important contribution of the research presented in this dissertation is the 
development and validation of a simulation method to predict the measurements of a standard 
5HP to an arbitrary turbulent flowfield. This simulation technique utilized the experimental 
calibration data for a standard probe to predict the pressure at each pressure port based on the 
instantaneous static pressure, velocity and flow angles. The instantaneous pressures could then 
be averaged to simulate the pneumatic averaging effect of the long plastic tubing typically 
connected to standard pressure probes. These results were then processed using the five-hole 
probe data reduction method to predict the measurement of the probe. This process was used to 
predict the measurements of Std5HP_1 and Std5HP_2 to the turbulent flowfields of the 2D 
cylinder and 3D cylinder wake by using the FR5HP measurements as inputs to the simulation. 
These results were then compared to the experimental measurements to validate the simulation 
method.  
 The comparisons of the simulations and experiments demonstrated that that the 
simulation was typically accurate in predicting the total pressure, static pressure 
and velocity to within ±1% of 𝑞∞ and 𝑈∞, respectively.  
 The error in the flow angle was typically within ±1° although some areas within 
the wake of the 3D cylinder higher errors were observed, especially for the 
simulation of Std5HP_2. 
 In general the simulation of Std5HP_1 was more accurate than Std5HP_2. 
Std5HP_1 resulted from time averaging the instantaneous port pressures 
measured by the FR5HP and then applying the calibration to the average port 
pressure only. As a result Std5HP_1 is only affected by the turbulence 
contamination effect on the port pressures. Std5HP_2 on the other hand was a 
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different probe that may have experienced different experimental errors due to 
spatial resolution and probe interference effects. 
Overall, comparisons of the simulations and the experimental results demonstrated 
that the simulation technique was capable of accurately predicting the response of a 
standard 5HP to a turbulent flow. An important observation was that the simulation 
method generated time histories of velocity and static pressure using a series of random 
number drawn from multivariate normal distributions. This observation is important 
because it implies that the actual time history is not important. Only the statistics of the 
time history are relevant. As a result it is possible to simulate Std5HP measurements for 
any arbitrary combination of mean velocity vector, static pressure and turbulence 
statistics. Taking advantage of this observation the simulation method was used to 
conduct a detailed study of the errors in the measurements of Std5HPs in turbulent flows. 
The following represent the important conclusions from this investigation.  
 First it was shown that the mean static pressure does not influence the turbulence-
induced error in the total or static pressure. The mean static pressure at a point in 
a turbulent flow will influence the absolute value of the measured total and static 
pressure but the difference between the measured pressure and the true pressure is 
not affected by the local static pressure.  
 It was also shown that the fluctuations in static pressure do not have an effect on 
the measurements of the Std5HP. The static pressure fluctuations have a mean of 
zero and therefore do not contribute to the mean static pressure measured by each 
pressure port.  
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 The simulation method was used to demonstrate the turbulence-induced error in 
total and static pressure depends on the level of turbulent energy relative to the 
local velocity magnitude as opposed to relative to the freestream. Increasing the 
mean velocity while maintaining the same energy in the fluctuations will result in 
a reduced error. 
 The turbulence-induced error functions for both total and static pressure can be 
normalized by the local mean velocity magnitude. This normalization is 
advantageous because it means that a simulation can be run with a mean velocity 
magnitude to 1.0 and the results can then be scaled to any mean velocity of 
interest.  
 The simulations were used to demonstrate that the Reynolds shear stresses 
(𝑢′𝑣′̅̅ ̅̅ ̅, 𝑢′𝑤′̅̅ ̅̅ ̅̅ , 𝑣′𝑤′̅̅ ̅̅ ̅̅ ) which represent the correlations between the different 
fluctuating velocity components have a negligible effect on the measurements of a 
standard five-hole probe.  
 The simulations showed that the Reynolds normal stresses (𝑢′2̅̅ ̅̅ , 𝑣′2̅̅ ̅̅ , 𝑤′2̅̅ ̅̅ ̅) which 
represent the kinetic energy in the fluctuations of the velocity components are the 
primary terms affecting the turbulence-induced errors.  
 Axial fluctuations (𝑢′2̅̅ ̅̅ ) were shown to increase the total pressure measured by a 
Std5HP while the transverse fluctuations (𝑣′2̅̅ ̅̅ , 𝑤′2̅̅ ̅̅ ̅) decrease the total pressure. 
Depending on the relative ratio of the energy in the axial and transverse 
fluctuations the measured total pressure could be increased or decreased relative 
to the correct value. In addition, certain combinations of the axial and transverse 
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fluctuations can result in negligible error in the total pressure. This result explains 
the distributions of total pressure error observed in the 2D and 3D cylinder wakes. 
 The static pressure was shown to only be sensitive to the transverse fluctuations. 
 The transverse fluctuations caused the measured static pressure to decrease 
(become more negative) explaining the large errors in static pressure observed 
throughout the wakes of the 2D and 3D cylinders.   
 The simulation method was used to generate a database of normalized turbulence-
induced errors. These databases were generated for several different mean flow 
angles(?̅?, ?̅?) and a linear regression analysis of the database was used to gauge 
the sensitivity of each Std5HP to the different turbulence components and 
determine how the sensitives change with the flow angle.  
 For total pressure, Std5HP_1 and Std5HP_2 were equally sensitive to axial 
fluctuations but Std5HP_1 was more sensitive to transverse fluctuations. 
 As the mean flow angle increased the sensitivity of the error in total pressure to 
the axial fluctuations decreased but the sensitivity to the transverse fluctuations 
was increased.  
 For static pressure, Std5HP_1 was shown to be more sensitive to the transverse 
fluctuations than Std5HP_2 which was consistent with the experimental results 
that showed larger errors in the static pressure measured by Std5HP_1. 
 As the mean flow angle increased the sensitivity of the error in static pressure to 
axial fluctuations increased slightly while the sensitivity to transverse fluctuations 
decreased.  
 266  
 
After demonstrating the accuracy of the simulation technique, and using it to study the 
effects of turbulence on five-hole probes, a procedure for correcting the measurements of total 
and static pressure for turbulence effects was introduced. In order to use the simulation to correct 
Std5HP measurements, it is necessary to first measure the mean velocity and the turbulence in 
the flow using a different method such as hotwires, LDV or PIV. Note that these methods cannot 
measure the total pressure or static pressure. If the velocity and turbulence is known than the 
simulation can be run to predict the turbulence induced errors for these conditions. These errors 
can then be subtracted from the Std5HP measurements to obtain the corrected total and static 
pressure. This correction process was successfully demonstrated using the simulations of the 
measurements in the wakes of the 2D and 3D cylinders. 
Finally, a brief discussion regarding the effects of the turbulence-induced errors on the 
determination of drag from wake measurements was given. It was shown that in the wake of a 
2D cylinder the turbulence-induced errors can have a significant impact on the different integrals 
in the wake survey equations. For the 2D cylinder wake at 𝑥 𝐷⁄  = 5 it was shown that integral of 
total pressure loss was not significantly influenced by the turbulence because the error was 
confined to the central portion of the wake. However, The integrals of static pressure and 
velocity showed significant differences between the FR5HP and both Std5HPs. The Std5HPs 
measured a significantly lower static pressure (more negative) which also resulted in measuring a 
higher velocity throughout the wake. This effect results in a significant error in the drag. For the 
finite aspect ratio cylinder the 3D wake survey equations were used to determine how the 
turbulence-induced errors influenced the determination of the profile and induced drag 
components.  
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 If the integral of axial turbulent fluctuations was ignored it was observed that the 
error in the profile drag measured by Std5HP_1 was +2.4% while for Std5HP_2 
the error was -0.6% for the AR = 3 wake.  
 For the AR = 5 wake the corresponding profile drag errors were +6.2% and -2.2% 
for Std5HP_1 and Std5HP_2 respectively.  
 The relative error in vortex-induced drag was significantly higher. For the AR = 3 
wake Std5HP_1 underpredicted vortex drag by -19.4% while Std5HP_2 
overpredicted vortex drag by +4.8%. 
 For the AR = 5 wake Std5HP_1 underpredicted vortex drag by -15.4% while 
Std5HP_2 overpredicted vortex drag by +3.3% 
 
7.2 Recommendations 
Throughout the course of this research several possible topics of future research were 
identified. Recommendations for future research include: 
 A detailed study of the effects of the length scales present in a turbulent flow on 
the measurements of a fast-response five-hole probe (FR5HP) would be valuable. 
FR5HPs are relatively unique experimental tools due to their ability to 
simultaneously measure the total pressure, static pressure and velocity. As 
discussed in this dissertation the calibration data used to process FR5HP 
measurements are typically acquired in a steady laminar flow. Turbulent flows 
contain energy spread over a large range of length scales. Many turbulent flows 
relevant to engineers will contain energy at length scales that are smaller than the 
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diameter of the probe tip. It is currently unknown how this influences the 
measurements of these probes.  
 The effect of turbulent length scales on the turbulence-induced errors of standard 
five-hole probes (Std5HP) should also be studied. The simulation method 
described above implicitly assumes that the Std5HP is a true point measurement. 
It is possible that turbulent energy contained at scales smaller than the probe tip 
may influence the measurements differently than larger scale structures.  
 Various studies have investigated the effects of Reynolds number and velocity 
gradients on the measurements of Std5HPs. Research into whether or not 
Reynolds number and mean velocity gradients influence the turbulence-induced 
errors would also be valuable.  
 The primary focus of this research was the turbulence-induced errors in the 
measurements of the total and static pressure of the Std5HP. The experimental 
results did demonstrate the potential for errors in the measured flow angles and 
this should be studied in more detail. The reason for the focus on total and static 
pressure was that the correction procedure introduce in Section 6.5 required 
measurements of the velocity and turbulence from a different experimental 
method which by default would measure the flow angles. A better understanding 
of how turbulence influences the measured angles would be value for researchers 
using Std5HPs as it will help place error bounds on their measurements.  
 Previous research on the effects of turbulence on Pitot probes demonstrated that it 
was possible to estimate the levels of turbulence using the difference between the 
measurements of two different probes. If the two Pitot probes had different tip 
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geometries their responses to the turbulence would be different and this difference 
could be used to estimate the turbulence. The same approach should be valid for 
Std5HPs. The simulation method discussed in this dissertation should aid in 
determining the best approach for this.  
 A more detailed study on the effects of turbulence-induced errors on the drag 
components determined from the 3D wake survey equations is needed. The wake 
survey equations for the profile drag and vortex drag of a 3D body are 
complicated and it is difficult to anticipate the direction of the error. A more 
detailed study that utilizes measurements in the wakes of different objects would 
be valuable. This study should also include the influence of turbulence on the 
determination of lift from wake measurements. The results presented in Section 
6.6.2 demonstrated that the streamwise vorticity is influenced by the turbulence-
induced errors. The lift can be determined from wake measurements of 
streamwise vorticity and therefore will also be affected by the turbulence.  
As a practical recommendation, care should be taken when performing 5HP wake surveys for the 
purpose of determining the drag on a 3D body. If the flowfield likely contains high levels of 
turbulence the best course of action may be to use a fast-response five-hole probe. Correcting the 
measurements of Std5HPs by measuring the three turbulence components requires a complicated 
experimental method such as hot-wires or PIV. Fast-response five-hole probes may be a more 
practical alternative as they are capable of measuring all of the necessary quantities.  
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